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This project is aimed at exploring the feasibility of using mechanical activation as a 
novel technique for synthesis of several ferroelectric relaxors of complex perovskite 
structure, and understanding the underlying mechanisms of phase formation and 
several unique phenomena involved. The effects of mechanical activation on the 
resulting inhomogeneity were first studied for Pb(Fe1/2Nb1/2)O3 (PFN) and 
Pb(Ni1/2W1/2)O3-PbTiO3  (PNW-PT). Mechanical activation on B-site order were also 
examined for Pb(Mg1/3Nb2/3)O3-Pb(Mg1/2W1/2)O3 (PMN-PMW) and Pb(Sc1/2Ta1/2)O3 
(PST). An atomistic modelling and Monte-Carlo simulation algorithm were then 
formulated to complement the experimental observations.  
 
PFN was first selected to study the sequential combination effects of starting 
composition, where nanocrystalline PFN phases were synthesized by mechanical 
activation from two different types of starting precursors, i.e., mixed oxides of PbO, 
Nb2O5, and Fe2O3, and Columbite precursor of PbO and FeNbO4, respectively. Very 
different thermal stabilities, sintering behaviours, and dielectric properties were 
observed between PFNs from the two starting materials. These differences were 
accounted for by the compositional inhomogeneity in the electroceramic derived from 
the mixed oxides, as revealed by Raman spectroscopic studies. Enhanced electrical 
properties with a maximum relative permittivity of 25702 and an overall dissipation 
factor of less than 3% were measured for the PFN derived from Columbite precursor 
doped with 0.3 wt % MnO2, when sintered at 1100 oC. 
 
To further explore the effects of compositional inhomogeneity, PNW-PT was 
synthesized by mechanical activation. 0.55PNW-0.45PT sintered at 970 oC exhibits a 
 ix 
considerably stable temperature dependence of dielectric behaviour over temperature 
range of -200 to 40 oC. This temperature stability is also strongly dependent on the 
sintering temperature and post-sinter annealing conditions. Both Raman spectroscopic 
and XRD diffraction studies show the coexistence of tetragonal and pseudocubic 
phases in 0.55PNW-0.45PT sintered at 970 oC, which is attributed to the 
inhomogeneous distribution of PT.  
 
Changes in compositional inhomogeneity induced by mechanical activation were also 
studied by investigating the B-site cation order in complex perovskites. An order-
disorder transformation induced by mechanical activation was observed in PMN-
PMW, as examined by both XRD diffraction and Raman spectroscopic studies. 
Mechanical activation triggers B-site disorder, which can be steadily recovered by 
thermal annealing at elevated temperatures. This shows that an equilibrium occurs 
between mechanical activation-assisted destruction of ordered domains and 
temperature-facilitated recovery of structural order.  
 
A similar order-disorder transformation triggered was further observed in PST, where 
the degree of order is traditionally tailored by thermal processing. Surprisingly, the 
structural disorder can be well retained in sintered PST, leading to a change in 
ferroelectric behaviour (e.g., from a normal ferroelectric to relaxor). A designed 
degree of disorder in PST can thus be obtained by the effective combination of an 
appropriate pre-sinter mechanical activation and subsequent sintering, giving rise to 
the specific ferroelectric properties.  
 
 x 
The observed order-disorder transformation is further simulated using a Monte-Carlo 
algorithm, based on the competition between the shear-induced glides leading to 
disorder, and the thermal diffusion recovering the order. Thermal diffusion is the 
dominant process at relatively high temperatures, while the effect of mechanical 
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Chapter 1:  
 
PbO-based Relaxor Ferroelectrics 
and Mechanical Activation  
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Chapter 1: Introduction  
1.1 Background 
Ferroelectric ceramics have been extensively investigated since World War II, because 
of their unique electrical properties, such as high dielectric permittivities, 
pieozoelectric coefficiencies, electromechanical coupling factors, pyroelectric 
coefficiencies, and electro-optic coefficiencies [1,2]. They have been widely employed 
in various applications, including sonars, ultrasonic cleaners, surface acoustic wave 
filters, piezo-transformers, ink jet printer heads, ultrasonic motors, precise pointers, 
sensors, actuators, and multi-layer capacitors (MLCs) [1,2]. With the rapid evolution 
of modern microelectronics and wireless communications together with the current 
miniaturization technologies in electronic and microelectronic devices, demands for 
high performance ferroelectric ceramics have been growing rapidly [3,4]. It is 
therefore of technological demand to explore both new electroceramic materials and 
novel techniques for synthesizing existing materials in order to enhance their electrical 
properties. In this project, PbO-based relaxor ferroelectrics of complex perovskite 
structure were chosen for study owing to their excellent dielectric and ferroelectric 
properties, together with low sintering temperatures [5,6]. Novel mechanical activation 
(MA) was devised to explore as an alternative processing route for these materials and 
at the same time to study the unique physical properties and phenomena brought about 









Chapter 1: Introduction  
1.2 Relaxor Ferroelectrics of Complex Perovskite Structure                           
 
1.2.1 Brief Background 
PbO-based relaxor ferroelectrics of complex perovskite structure can be represented 
by the general formula of (Pb,M)(B',B")O3 (where M can be Ba or La), which is 
derived from the simple ABO3 perovskite, as shown in Fig. 1-1 [5-9]. Complex 
perovskites can be classified into two groups: A-site complex and B-site complex, 
respectively [5-8]. The first group includes those complex perovskites, where Pb2+ in 
A-site are partially or completely substituted by cations such as La3+ and Ba2+, and 
examples are (Pb,La)(Zr,Ti)O3, (Pb,La)TiO3, and (Pb,Ba,La)TiO3. These substitutions 
can create A-sites vacancies when a cation of valence higher than Pb2+ is involved. In 
B-site complex, B sites are occupied by two or more different cations, one of which is 
of lower valence than Ti4+, such as Mg2+, Zn2+, Fe3+, Ni2+, Sc3+,  and the other is of 




 :  A 
 
:  B 
 




Fig. 1-1. Schematic image of the perovskite structure of ABO3 type [7]. 
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As exemplified by Pb(Mg1/3Nb2/3)O3 (PMN) (Fig.1-2), relaxors are distinguished from 
a normal ferroelectric in several aspects in dielectric behaviour as summarized by 
Cross [5] and Bhalla et al. [8]: (i) unlike the sharp ferroelectric phase transition in a 
normal ferroelectric, relaxors show a broad dielectric maximum over a wide 
temperature range in the transition region; (ii) strong frequency dispersions can be 
observed in both relative  permittivity and dissipation factor around the transition 
region; (iii) their relative permittivities (or dielectric constants) as a function of 










where ε  is the relative permittivity at a testing temperature of T, mε  is the maximum 
relative permittivity, A is a constant, T is the testing temperature, Tm represents the 
temperature of maximum relative permittivity, and δ is the diffusion factor.  
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 Fig 1-2. Dielectric behavior of ferroelectric relaxor PMN (Adapted from ref. [9]).
 
elaxors also exhibit other unique properties. For example, rather slim P-E loops at 
bove the temperature of maximum relative permittivity (Tm) were observed in some 
elaxors, e.g., PMN, Pb(Sc1/2Ta1/2)O3 (PST), and (Pb,La)(Zr,Ti)O3 (PLZT) [5-8]. The 
ysteresis loop of PMN grows wider with decreasing temperature, and finally appears 
s a square loop if the temperature is sufficiently low [10]. Unlike the polarization in 
lassical ferroelectrics, which disappears abruptly, the remnant polarization of PST 
ecreases gradually with rising temperature above the Curie point [11]. PMN and 
LZT exhibit similar gradual reduction in polarization, which also depends on applied 
lectric fields [12]. This indicates that the polarization in the relaxors is induced, and 
ot spontaneous.  
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Relaxors exhibit micro-domains, which were first revealed by optical refractive index 
measurements [12-14]. At temperature far above Tm, the optical refractive indexes as a 
function of temperature (n(T)) in PMN and PLZT deviated from the linearity. The 
deviation was then interpreted by the existence of small regions of local polarization, 
which were randomly oriented, producing a zero net global polarization. Local 
polarization was confirmed by the thermal expansion and thermal strain 
measurements, synchrotron X-ray analysis, and neutron diffusion scatterings, as 
summarized by Cross [5], Ye [6], and Husson and Morell [10].  
  
Because relaxor ferroelectrics exhibit excellent dielectric, piezoelectric, and electro-
optic properties, which promise a wide range of applications, extensive investigations 
have been made to further understand the fundamentals of relaxors [5-11, 15-19]. The 
following sections present a brief description on the current understandings of relaxor 
behaviours, as well as the B-site cation structural orders, which are closely related to 
the relaxor properties.   
 
1.2.2 Origins of Relaxor Behaviours 
Investigations into the relaxor behaviour can be dated back to early 1960s, when 
Smolenskii and Agranovskaya [20] studied the diffusive phase transition in PMN, and 
explained it by a compositional fluctuation model. Since then, various explanations for 
relaxor behaviour have been proposed, as reviewed by Cross [5] and Ye [6, 11]: 
 
(1) The broad dielectric peak in complex relaxors was described as a diffuse phase 
transition (DFT), and it was interpreted by the compositional fluctuation model 
of Smolenskii and Agranovskaya [20]. In this model, B-site cation disorder 
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causes compositional fluctuation and chemical inhomogeneity, resulting in 
microscopic polar-regions with different local Curie temperatures. The variations 
in Curie temperature for the polar-regions give rise to a wide range of phase 
transition temperatures and a broadened dielectric peak [5, 20]. As a result, the 
dielectric behaviours do not follow the Cuire-Weiss law, but rather fit a diffuse 
phase transition equation proposed by Smolenskii [20], as given by equation (1-
1).  
(2) A superparaelectric model was proposed by Cross [5], who suggested that the 
relaxor behaviours were related to the existence of polar clusters, as an analogue 
to the superparamagnetic states. By cooling from the paraelectric phase, 
individual dipoles could agglomerate into polar clusters, which are able to switch 
between two equivalent orientation states according to the symmetry of the local 
polar phase. The flipping of these polar clusters results in the diffuse phase 
transition and frequency dispersion in dielectric properties.  
(3) After a careful investigation into the dielectric behaviours of (Pb,La)(Zr1-xTix)O3 
(PLZT) with and without high bias dc electric fields, Yao et al [16,17] suggested 
that the relaxor behaviour could be accounted for by the transition from micro-
polar domains to macro-domains. Micro-domains exist at temperatures above to 
the Curie temperature, and they are converted to macro-domains upon cooling. 
As a result, a relaxor to normal ferroelectric phase transition occurs in disordered 
PLZT.  
(4) Considering the fact that the optical refractive index deviated from the normal 
linearity in some relaxors (e.g., PMN) at temperatures far above the maximum 
dielectric permittivity temperature [12,13], Schmidt [21] proposed a glass 
transition model. In this model, the deviation can be accounted for by randomly 
 
7 
Chapter 1: Introduction  
oriented local polarization clusters which exhibit nonzero local polarizations 
while maintaining an overall zero average polarization in relaxors. The dielectric 
dispersion is then attributed to the dielectric response of the dipole glass.  
(5) On the basis of the Schmidt’s dipole glass model, Viehland et al [22,23] 
considered the interactions among the polar clusters that resulted in a freezing of 
the dipole glass. As an analogue to the spin glasses, the dipole glass also 
undergoes a slowing down in dynamics of the polar clusters. Upon cooling from 
high temperatures, the thermal activation decreases, while the size of polar 
region and the potential barriers increase, leading to a freezing of the polar 
clusters. This results in a broad maximum in the temperature dependence of 
dielectric behaviours, near the paraelectric to dipole glass transition. The 
temperature of the dielectric maximum shows an increase with rising frequency, 
as given by the well-known Volgel-Fulcher equation:  
 
 
where ω  and 0ω  are the measurement frequency and thermal vibration 
frequency, respectively, Tmax is the temperature of dielectric maximum, and Tf is 












(6) Another model is the random field model [24, 25]. According to this model, a 
relaxor is a normal ferroelectric in nature. However, the relaxor ferroelectric 
domains are subjected to random local field originating from charged 
nanodomains induced by the fluctuations of compositions and chemical textures 
in complex perosvkites. This slows down the ferroelectric critical transition, and 
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smears out the normal ferroelectric phase transition into a relaxor phase 
transition.  
(7) By analogising the relaxor behaviour with a martensitic phase transition, 
Schmidt et al [26, 27] suggested a martensitic stabilized phase transition model. 
Taking PMN for example, the ferroelectric phase (a martensitic like 
rhombohedral structure) transition from a paraelectric state (an austenitic-like 
cubic structure) could not be completed during cooling, due to the slow transition 
rate. This situation is similar to that of the martensitic phase transition in 
stainless steels, where the martensitic phase coexists with a matastable austenitic 
phase; thus the cubic phase can be stabilized down to low temperatures.  
 
1. 2. 3  B-site Cation Order-Disorder 
Because of its strong effects on the electrical properties of relaxors, structural order in 
complex perovskites A(B'B")O3 has attracted much interest [5, 6, 8]. The structure of a 
complete 1:1 ordered complex perovskite is shown in Fig 1-3, where cation B' and B" 
are alternatively placed on the adjacent sites of the octahedral arrays of the perovskite, 
resulting in an effective doubling of the lattice unit cell [28]. This B-site order in 
complex perovskites can be clearly identified by the superlattice peaks in XRD 
diffraction patterns, or superlattice dots in TEM selected area diffractions [29-31]. 
Direct evidence of ordered domains can also be found in TEM dark field images, 
indicated by a dispersion of nanosized order domains in disordered matrices [32, 33].  
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Fig. 1-3. Schematic image for the lattice structure of a fully ordered Pb(Sc1/2Ta1/2)O3. 
For simplification, oxygen atoms are not shown in this figure [28].  
 
In early 1960s, Galasso [7] classified the complex perovskites into several groups and 
described their corresponding structural orders. For example A(B'1/2B"1/2)O3 type 
compounds normally show a 1:1 order, whereas A(B'1/3B"2/3)O3 type compounds  
exhibit a 1:2 structural order. In 1980, on the basis of the analyses of a large group of 
complex perovskite compounds, Setter and Cross [29] summarized five empirical rules 
for formation of B-site order: (i) simple crystalline structures such as perovskite 
structures are likely to form B-site order; (ii) a large charge difference between cation 
B' and B" generates a strong tendency towards order via electrostatic forces; (iii) a 
simple cation ratio, i.e. B':B"=1:1 favors formation of structural order; (iv) a 
significant size difference between the two species of B-site cation enhances the 
driving force towards ordering; and (v) a small size of A-site cation facilitates 
formation of the structural order in B-site cations. Thus, those compounds with an 
A(B'1/2IIB"1/2IV)O3 structure and a large charge difference between the two B cations 
normally exhibit a long range order, examples of which include (Pb(Mg1/2W1/2)O3 and 
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Pb(Co1/2W1/2)O3) [34, 35]. A(B'2/3IIB"1/3V)O3 type compounds are unlikely to process a 
long range order, e.g., Pb(Mg1/3Nb2/3)O3 (PMN) [29]. A(BIIIBV)O3 type compounds, 
such as Pb(Sc1/2Ta1/2)O3 and Pb(Sc1/2Nb1/2)O3, fell between the above two categories, 
exhibiting either a partial order or disorder structure, depending on the synthesis and 
post-sinter annealing conditions [29].  
 
These empirical rules can predict the order/disorder structure in certain perovskite 
compounds fairly well, although they may not account for order structure in all 
complex perovskites. For example, Pb(Mg1/3Ta2/3)O3 shows a long range 1:1 order 
structure, while such a long range order cannot be found in Pb(Mg1/3Nb2/3)O3 [29, 36]. 
Replacement of A-site cation in Pb(Zn1/3Nb2/3)O3 by Ba2+ leads to a completely 
different 1:2 type of structural order [37]. To further understand the order-disorder 
transformation in these complex perovskites, several sophisticated theoretical 
approaches, including the semi-empirical model, macroscopic approach, eight point 
cluster variation model, Monte-Carlo simulation, and first principal calculation, have 
been employed [38-42]. 
 
Because of the strong effects of structural order on relaxor behaviors in complex 
perovskites, many studies have been conducted. It was long believed that relaxor 
behaviors occurred in disordered complex perovskites, while normal ferroelectric 
transitions occurred in ordered compositions [20]. Having analyzed a large number of 
complex perovskites, Randall et al [43, 44] classified complex perovskites into three 
categories of order: disorder, long coherence order, and short coherence order. Relaxor 
behavior occurs in complex perovskites with ordered domain sizes of 2~100 nm.  
Beyond this range, it becomes a normal ferroelectric transition. Nano-sized short range 
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orders were believed to provide strain and electrostatic energy for nucleation of polar 
micro-regions [45, 46]. Therefore, the structural order has a great effect on the 
ferroelectric properties of complex perovskites. For example, ordered PST shows a 
normal ferroelectric phase transition, while a relative disordered one (with tiny ordered 
domain of ~2 nm) exhibits a relaxor ferroelectric transition, along with a relaxor to 
normal ferroelectric transition (R-nFE) [47].  
 
1.2.4 Applications  
Because of their outstanding dielectric and electromechanical properties, relaxor 
ferroelectrics of complex perovskite have been widely used in many technologically 
demanding devices and components, including multilayer capacitors, electrostriction 
actuators, transducers, and sensors [8, 50-57]. 
 
As candidate materials in multilayer devices, the electrical properties of relaxor 
ferroelectrics can be easily adjusted by their compositions and microstructures to meet 
certain requirements. In comparison to the conventional BTiO3-based compositions, 
they shows several apparent advantages [51, 52]: (i) They show a relatively high 
dielectric permittivity in the range of 15000~50000 (PMN: ~20000 and PFN: 30000), 
which is well above that of BaTiO3 showing a sharp dielectric peak of ~10000. The 
enhanced dielectric properties in relaxors greatly improve the volume efficient of 
multilayer components [51-53]. (ii) Relaxors exhibit broad dielectric maximums 
against temperature, which improve the temperature stability of dielectric properties. 
In BaTiO3-based compositions, the temperature stability can only be achieved by 
rather complicated composition and microstructure controls (iii) The firing 
temperature of relaxors can be reduced to < 1000 oC, in contrast to ~1300 oC for 
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BaTO3-based compositions, allowing replacement of the expensive Pd and Pt-based 
electrode materials by much cheaper Ag-based alloys, thus greatly reducing the 
production costs.  
 
Relaxors show excellent piezoelectric and electrorestrictive properties for sensor and 
actuator applications. For example, purposely doped Pb(Sc1/2Nb1/2)O3-PbTiO3 exhibits 
an excellent piezoelectric coefficient d33 of above 500 pC/N-1 [54], in contrast to ~300 
pC/N-1 for PZT. Single crystals of 0.9PMN-0.1PT and 0.9PZN-0.1PT show an 
outstanding d33 of ~2000 pC/N-1, promising applications for a new generation of 
sensor and actuator devices [55-57]. A large field-induced piezoelectric effect has also 
been demonstrated in relaxors, allowing for adjusting their piezoelectric coefficients 
by an applied electric field, which has been widely investigated for transducer and 
actuator applications [58].  
 
1.3 Relaxor Ferroelectrics Investigated in This Project 
In this work, four PbO-based relaxor systems, namely, Pb(Fe1/2Nb1/2)O3 (PFN),  
Pb(Ni1/2W1/2)O3-PbTiO3 (PNW-PT), Pb(Mg1/3Nb2/3)O3-Pb(Mg1/2W1/2)O3 (PMN-
PMW), and Pb(Sc1/2Ta1/2)O3(PST), were selected for studying the effects of 
mechanical activation on the phase formations, thermal stabilities of nanocrystalline 
perovskite phases, order-disorder transformations, and the resulting dielectric and 
ferroelectric properties of electroceramics. These slightly different PbO-based relaxor 
ferroelectrics were chosen to study the effects of mechanical activation on the complex 
perovskites, given the understanding that they exhibit considerable similarities, e.g. a 
similar complex perovskite structure and electrical behaviors. On the other hand, due 
to their different B site cations, they show some differences in structures, sintering 
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behaviors, and ferroelectric phase transitions. As a result, different unique phenomena 
can be derived by mechanical activation for each of them.  
 
Among them, PFN and PNW-PT were examined for the composition inhomogeneity 
in complex perovskites derived from mechanical activation; PMN-PMW and PST 
were chosen for studying the evolution of B-site structural order triggered by 
mechanical activation. A summary is given below to each of these Pb-based relaxor 
systems. 
 
1) Pb(Fe1/2Nb1/2)O3 (PFN) is among the most important electroceramics because of 
its excellent dielectric properties (~26000), together with considerably low 
sintering temperature(~1000 oC), making it a promising material for multilayer 
components [59-61]. At room temperature, PFN exhibits a rhombohedral structure, 
which can be considered as a pseudocubic structure, since the distortion from cubic 
structure is very small [62]. It undergoes a diffusive ferroelectric transition over 
the temperature range of 96~114 oC, above which PFN is paraelectric with cubic 
structure. At temperatures below -130 oC, it changes into an antimagnetic phase 
[62], rendering it a ferroelectromagnet, where the ferroelectric order and magnetic 
order coexist. In this project, PFN was chosen for investigating the sequential 
combination effects of starting composition on the phase formation of complex 
perovskites derived from mechanical activation. Its sintering behaviors and 
dielectric properties were also examined.   
2)  Perovskite Pb(Ni1/2W1/2)O3 (PNW) shows an unstable complex perovskite 
structure, and therefore it is difficult to be synthesized via the conventional solid 
state reaction route [63,64]. It undergoes an antiferroelectric transition at ~27 oC 
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and an antiferromagnetic transition at even lower temperature, rendering it a 
ferroelectromagnet. PNW can be sintered at temperatures as low as 900 oC, 
making it a promising material for co-fired multilayer devices. The stability of 
PNW can be greatly improved by introducing a minor amount of PbTiO3 (PT) to 
form a solid solution of PNW-PT. In this project, PNW-PT was selected for 
studying the effects of composition inhomogeneity and phase segregation on the 
electrical properties of complex perovskites brought about by mechanical 
activation. 
3) Pb(Mg1/3Nb2/3)O3 (PMN) is also among the most widely investigated relaxors for 
the excellent dielectric, piezoelectric, and electro-optic properties [11,29, 66-68]. It 
exhibits a typical relaxor phase transition at around -8 oC, and shows a short-range 
B-site order, which can be beyond the resolution limit of X-ray diffraction. In 
comparison, Pb(Mg1/2W1/2)O3 (PMW) is an antiferroelectric with TN of 40 oC [66].  
It exhibits a strong long-range 1:1 order with pseudocubic structure at room 
temperature. Therefore, a varying degree of B-site ordering can be obtained in a 
solid solution of PMN-PMW, by varying the composition, i.e., the content of 
PMW in PMN. Accordingly, PMN-PMW solid solutions with varying degrees of 
B-site structural order are used to study the effects of mechanical activation on the 
B-site order in complex perovskites.  
4) Pb(Sc1/2Ta1/2)O3 (PST) is  a typical relaxor ferroelectric in which B-site cation has 
a dramatic effect on its ferroelectric and dielectric properties [67-70]. It has been 
considered as an ideal candidate for studying the order-disorder transformation and 
the resulting ferroelectric properties. It is traditionally sintered at a temperature of 
~1500 oC and subsequently annealed at around 1000 oC. Disordered PST shows a 
relaxor ferroelectric transition at ~-3 oC, while a normal ferroelectric transition 
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occurs at 22 oC in an ordered one [67, 68]. The disordered PST exhibits a cubic 
structure in paraelectric phase and a rhombohedral structure in ferroelectric phase, 
while the ordered PST shows a cubic structure in paraelectric phase and a 
tetragonal structure in ferroelectric phase [5, 49, 50]. Because PST shows a steady 
B-site order-disorder transformation, it was chosen for investigating the order-
disorder transformation brought about by mechanical activation, as well as the 
resulting changes in electrical properties. 
 
1.4 Synthesis Routes 
In spite of the outstanding electrical properties of complex perovskites, there have 
been difficulties in synthesizing and fabricating some of them, limiting their 
applications [56, 57]. For example, the occurrence of unwanted pyrochlore phases, 
which show a very low relative permittivity of ~100, can greatly degrade the electrical 
properties of relaxor ferroelectrics [56]. A high sintering temperature often leads to the 
loss of PbO by evaporation, adversely affecting the electrical properties. Therefore, 
investigations have been focused on finding a reliable and reproducible fabrication 
route for electroceramics of complex perovskite structure, at the lowest possible 
sintering temperature [8, 51]. For this, several synthesis techniques have been devised 
and attempted, which are briefly listed as follows. 
 
(1) Solid-state Reactions [71] 
Solid-state reactions are by far the most commonly used process for ceramics. It 
involves mixing of raw starting materials, which were calcined at a high enough 
temperature for an appropriate time period to ensure a complete reaction. However, 
many complex perovskites cannot be synthesized by the conventional ceramic process. 
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For example, a large amount of pyrocholore phase occurs in PMN when solid-state 
reaction of mixed oxides is employed. The Columbite precursor route, in which Nb2O5 
and MgO are first reacted to form the Columbite phase, followed by calcination with 
PbO was subsequently devised for successful synthesis of PMN of perovskite 
structure.  
 
(2) Coprecipitations [72] 
To prepare fine ceramic powders with controlled morphology, particle size, and size 
distribution, wet chemical routes such as coprecipitations, have been attempted. 
Coprecipitation involves preparation of the constituent precursors for targeted complex 
perovskites from a liquid medium. The precipitates are then washed, dried, and 
calcined to form the wanted perovskite phases. 
 
(3) Sol-Gel [73] 
 Sol-gel normally involves use of organometallic precursors, which allows fabrication 
of a single-phase nanocrystalline perovskite at relatively low temperatures. It can 
achieve homogeneity at molecular levels and allows phase formation at relatively low 
calcination temperatures. However, sol-gel method often requires expensive starting 
materials and the results are often difficult to reproduce, limiting its applications for a 
large scale production.  
 
(4) Hydrothermal Processes [74,76]  
A typical hydrothermal process involves an aqueous solution containing constituent 
cations, which is subjected to a hydrothermal treatment in an enclosed chamber at 
temperatures of 100-600 oC. The high pressure and temperature conditions thus 
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created trigger the nucleation and growth of nanocrystalline perovskites. Hydrothermal 
processes can allow one to synthesize perovskite compounds at low temperatures.  
  
(5) Molten Salts [76] 
In this method, raw starting materials are mixed with low-melt salt systems such as 
KCl or NaCl-KCl and subsequently heated in a covered crucible at high temperatures 
to create a molten salt flux. The molten salt flux facilitates the diffusion of constituent 
oxides and favors formation of crystalline perovskites at low temperatures. The 
resulting mixture is then leached in boiling HNO3 to remove salts and unreacted 
oxides such as PbO. This method has been successfully employed in synthesizing 
perovskite PMN and PFN. However it has the drawback of introducing contaminants 
that are harmful to the electrical properties of electroceramics.   
 
Other processing techniques such as freeze-drying, microemulsions, microwave 
reactions, and mechanical activations (MA) have also been attempted for Pb-based 
perovskites [77-79]. In this project, a novel mechanical activation is adopted, for 
several apparent advantages over other conventional ceramic and wet chemistry 
synthesis routes [80].  
 
1.5 Mechanical Activation 
 
1.5.1 Brief Background 
Mechanical activation makes use of mechanical energy to trigger chemical reactions, 
formations of new phase, order-disorder transformations, and phase transitions. This is 
in contrast to the conventional solid-state reaction whereby the process is controlled by 
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thermal activation. In many cases, mechanical activation can be carried out in a high-
energy ball milling, where the raw materials are mixed, blended, and mechanically 
activated, leading to conminution, chemical reaction, phase formation, nucleation, and 
crystal growth of new phases[81-86].  
 
Applications of high-energy ball milling in material synthesis were first devised by 
Benjamin[87], for preparation of Ni-based oxide-dispersion strengthened alloys,  so 
called mechanical alloying [88,89]. The resulting composite powders were then hot 
pressed to produce dispersion-strengthened alloys that exhibit improved mechanical 
properties. Further researches found that mechanical alloying is capable of producing 
alloys that are difficult or even impossible to prepare by conventional means, e.g., 
compounds that are immiscible under thermodynamic equilibrium conditions. 
Metastable phases, such as supersaturated solid solutions, non-equilibrium crystalline 
intermetallic phases, and amorphous alloys, can be synthesized by mechanical alloying 
[91, 92]. Up to date, hundreds of novel alloys have been formed by this technique, 
including nickel-based, iron-based, aluminum-based, and magnesium-based alloys 
[93]. These alloys exhibit excellent oxidation and corrosion resistance, as well as high 
strength. Mechanical alloying has various industrial applications, as summarized by 
Suryanarayana [84], and Koch [92].  
 
For the past several years, mechanical alloying has also been extended to other types 
of materials, including magnets, superconductors, functional ceramics, 
nanocomposites, catalysts, hydrogen storage materials, and organic compounds [90-
95]. Many chemical reactions, such as reduction/oxidation reactions can be triggered 
by mechanical energy, referring to so called mechanochemistry or mechanical 
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activation [90].  Mechanical activation is now becoming a fast developing field, and it 
is also widely used in various industry applications, such as mining, fertilizers, and 
waste management industries [83, 84, 93]. The following subsections summarize 
several important phenomena and basic understandings on mechanical activation.  
 
1.5.2  Mechanical Activation-induced Phenomena 
Following Benjamin [87-89], mechanical activation has been widely applied to various 
materials systems, where many unique phenomena were observed [81-93]. The major 
phenomena in association with mechanical activation are listed as follows:  
 
1) Particle communition, deformation, and creation of point defects [82,90,96]: 
Mechanical activation can significantly refine the particle and crystallite sizes as 
a result of deformation and fracture, which create nano-sized particles and 
formation of point defects.  
2) Chemical reactions [90]: Various chemical reactions can be induced by 
mechanical activation, e.g., exchange reactions and oxidation-reduction 
reactions. 
3) Amorphizations [92]: Mechanical activation can trigger amorphization of some 
metals, oxides, pure elemental semiconductors (Si, Ge), and even polymers.  
4) Crystallizations [87, 97, 98]: Mechanical activation can lead to formation of 
certain nanocrstalline phases from either crystals or amorphous precursors. For 
example, perovskite structure Pb(Mg1/3Nb2/3)O3 and Pb(Zn1/3Nb2/3)O3 can be 
realized by mechanical activation of either mixed oxides or amorphous 
precursors derived from wet chemistry routes.   
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5) Formation of immiscible intermetallics [84,91]: Several immiscible intermetallic 
alloys such as Cu-Fe, Au-Ag-Fe, Cu-W, Cu-Ta, and Cu-V, which cannot be 
realized by conventional solid state reaction, can be achieved using mechanical 
activation.  
6) Formation of quasicrystals [84]: Mechanical activation can trigger formation of 
several qusicrystalline alloy compounds, including Al-Cu-Cr and Al-Cu-Mn. For 
example, with proper activation intensity, a quasicrystalline phase can be 
realized by mechanical activation of Al-Cu-Mn alloys.  
7) Phase transformations [86, 99]: mechanical activation can trigger formation of 
several metastable or thermodynamically unstable phases, such as tetragonal 
phase of ZrO2 and fluorite phase of TiO2.  
8) Order-disorder transformations [100,101]: Order to disorder transformations can 
be triggered in both metallic alloys and oxide ceramics, e.g., Al-Fe alloy, 
complex perovskite PST and PMN-PMW, which were further studied in this 
project. 
 
1.5.3 Mechanical Activation-induced Processes 
Several models have been proposed to account for the unique phenomena brought 
about by mechanical activation [81-87, 101-107]. Mechanical activation involves 
multiple concurrent parameters, and the actual process is rather complex. Some of the 
basic understandings on mechanical activation can be described as follows: 
 
1) T-P-t model [96, 104]: During mechanical activation, there is an energy transfer 
from the milling media to materials, creating a local high pressure and high 
temperature environment at the collision points. The combination of high 
 
21
Chapter 1: Introduction  
temperature and pressure is similar to a hydrothermal process, which can trigger 
chemical reactions and phase transformations.  
2) Fracturing and building-up [81, 82]: In mechanical activation, coarse particles are 
fractured into small ones, and at the same time the welding processing builds up 
the particle sizes. The equilibrium between the fracture and coarsening results in 
an equilibrium particle size.   
3)  Facilitation of chemical reactions [90, 93]: Mechanical activation refines the 
particle and crystallite sizes, creates large specific surface areas and a high 
concentration of defects, which can thermodynamically enhance the reaction 
kinetics. For example, a high concentration of structural defects can change the 
entropy of a crystalline structure, leading to the structural instability of a 
crystalline phase, and resulting in an amorphous state or a metastable phase. 
4) Nucleation and subsequent growth of crystals [98, 107]: During mechanical 
activation of Pb-based complex perovskites, such as PMN and PZN, nucleation 
occurs in highly activated solid or amorphous matrices. Subsequent collisions and 
rearrangements of perovskite nuclei create opportunities for two or more of these 
nuclei to meet, increasing the crystallite size.    
5) Competition between mechanical activation and thermal diffusion [100, 101]: 
Mechanical activation introduces dislocations and disorders in crystallite lattice, 
while thermal diffusion builds up the structural order. As a result of the 
competition between these two processes, an equilibrium state in ordered domain 
can be realized in either metallic or oxide ceramics.   
 
1.5.4 Mechanical Activation of Relaxor Ferroelectrics 
Very recently, mechanical activation has been devised for synthesis of relaxor 
ferroelectrics of complex perovskite structure. Using this technique, desirable 
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perovskite phases can be formed at low temperatures, instead of one or more steps of 
calcination at elevated temperatures [97, 98, 108-110]. Single phase PMN consisting 
of nanocrystallites of around 10 nm in size was successfully synthesized by 
mechanical activation of the oxide mixtures of PbO, MgO, and Nb2O5 at room 
temperature [97]. No transitional pyrochlore phases were observed in the resulting 
PMN. Mechanical activation can greatly enhance the electrical properties of PMN. As 
a result of the nanocrystallinty and enhanced reactivity, PMN derived from mechanical 
activation can be sintered at a much lower temperature than that derived via any other 
routes [97]. 
  
Mechanical activation can also trigger formation of perovskite Pb(Zn1/3Nb2/3)O3 
(PZN), which cannot be realized via either conventional solid-state reaction or wet-
chemistry approaches [111]. Mechanical activation-derived PZN is not a 
thermodynamically stable phase and it converts to pyrochlore phase when calcined at a 
high enough temperature. To improve the stability of PZN, a small amount of PT was 
introduced to form PZN-PT solid solution, giving rise to the designed dielectric 
properties.   
 
Following the successes of using mechanical activation for synthesis of PMN and 
PZN, a large number of complex perovskites, such as Pb(Zr,Ti)O3 (PZT), 
Pb(Fe2/3W1/3)O3 (PFW), Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT), Pb(Mg1/3Nb2/3)O3-
BaTiO3 (PMN-BT), and Pb(Zn1/3Nb2/3)O3-BaTiO3 (PZN-BT), have been successfully 
synthesized by mechanical activation of either oxide mixtures or amorphous 
precursors [108-114]. Several unique phenomena were observed during mechanical 
activation of these compounds, including the phase formation via nucleation and 
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subsequent crystallite growth [113,114], and B-site order-disorder transformation as 
studied in this project.  
 
1.6 Project Scopes and Objectives 
As discussed above, relaxor ferroelectrics of complex perovskites are promising 
candidates for a wide range of applications. Considerable efforts have been made to 
explore novel processing routes to fabricate these complex perovskites and to improve 
their electrical properties. Mechanical activation, which is fundamentally different 
from the traditional solid-state reaction, in terms of phase formation mechanisms and 
resulting material properties, has shown several unique and promising characteristics 
in synthesizing electroceramics [109-114]. It is therefore of interest to further 
understand this process, and to study the electrical properties of the relaxor 
ferroelectrics derived from mechanical activation.   
 
Having successfully synthesized several ferroelectric relaxors by mechanical 
activation, one will ask the following questions: (i) what are the exact phase-forming 
mechanisms for the perovsiktes triggered by mechanical activation? (ii) what can be 
the unique phenomena in association with mechanical activation of these complex 
perovskites?  
 
We first investigated the effects of sequential combination of starting materials on 
formation of Pb(Fe1/2Nb1/2)O3  (PFN) triggered by mechanical activation. For this, 
PFN was synthesized from two types of starting materials: namely, mixed oxides of 
Fe2O3, Nb2O5, and PbO, and the Columbite precursor of FeNbO4 and PbO. The 
resulting PFN exhibits apparent differences in thermal stability, sintering behavior, 
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and dielectric properties. This can be accounted for by the differences in compositional 
inhomogeneities in mesoscopic scale between PFN derived from the two different 
starting materials.  
 
To further explore the inhomogeneity effects on PbO-based relaxors synthesized by 
mechanical activation, solid solutions of Pb(Ni1/2W1/2)O3-PbTiO3 (PNW-PT), which 
are difficult to form and yet show low sintering temperature and interesting dielectric 
properties, were synthesized by mechanical activation. A temperature-stable dielectric 
behavior was observed in the compositions close to 0.6PNW-0.4PT, which is 
accounted for by a phase segregation phenomenon resulting from the compositional 
inhomogeneity.  
 
Mesoscopic compositional inhomogeneity occurs in the electroceramics derived from 
mechanical activation. As B-site cation order is also related to the compositional 
inhomogeneity in complex perovskites, it is thus of interest to investigate whether this 
structural order can also be affected by mechanical activation. For this study, 
Pb(Mg1/3Nb2/3)O3-Pb(Mg1/2W1/2)O3 (PMN-PMW) solid solutions were chosen, by 
considering their dependence of B-site structural order on the composition. An order-
disorder transformation was observed in PMN-PMW, while subsequent thermal 
activation recovered the structural order. The study of order-disorder was further 
extended to PST. Unlike in PMN-PMW, the structural disorder created in PST was 
rather stable, and could be retained in sintered electroceramics. On the basis of the 
experimental observations, an atomic modeling and Monte-Carlo simulation were 
devised, based on the competition between mechanical activation that destructs the 
structural order, and thermal activation that builds up the structural order.  
 
25
Chapter 1: Introduction  
Careful studies were then carried out on the sintering behaviors and resulting electrical 
characteristics of complex perovskites. Therefore, the objectives of this project can be 
listed as follows: 
 
(a)  To investigate the feasibility of synthesizing relaxor ferroelectrics of complex 
perovskite by mechanical activation, and to understand the phase-formation 
mechanisms involved. 
(b) To study the unique nanocrystalline structures, structure stabilities, and sintering 
behaviors of relaxor ferroelectrics of the complex perovskite derived from 
mechanical activation.  
(c) To study the effects of combination sequences of starting materials on the phase 
formations, sintering behaviors, and electrical properties brought about by 
mechanical activation in PFN.  
(d)  To investigate the feasibility of synthesizing nanocrystalline PNW-PT of 
perovskite structure by mechanical activation, and to further explore the unique 
phase segregation phenomena and  temperature-stable dielectric behavior in this 
relaxor ferroelectric system. 
(e)   To understand how mechanical activation can affect the B-site cation structural 
order in complex perovskites of PMN-PMW and PST, by taking into account of 
the differences and similarities between mechanical activation and thermal 
activation.  
(f) To investigate whether the B-site cation disorder triggered by mechanical 
activation can be retained in sintered PST, and to explore the effects of B-site 
disorder on the electrical properties of sintered PST.    
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(g)  To develop a Monte-Carlo simulation algorithm for the order-disorder 
transformation triggered in complex perovskites, in order to further understand 
the complicated process.  
 
1.7 Thesis Layout 
Chapter 1 briefly reviews the background of relaxor ferroelectrics and mechanical 
activation, and outlines the research scopes and objectives of this project. The 
experimental procedures and major characterization techniques used in this project are 
described in Chapter 2. A study on the effects of combination sequence of starting 
materials in PFN is described in Chapter 3. Chapter 4 presents the phase formation and 
electrical properties of PNW-PT derived from mechanical activation, where a unique 
temperature stable dielectric behaviour is demonstrated.  
 
Order-disorder transformation triggered by mechanical activation in PMN-PMW is 
detailed in Chapter 5, where the competition of mechanical activation and thermal 
activation is shown. Chapter 6 presents the order-disorder transformation in PST 
triggered by mechanical activation, where the structural disorder can be retained in 
sintered PST. As a result, PST with a specific degree of disorder can be obtained by an 
appropriate combination of pre-sinter mechanical activation and subsequent sintering 
at high temperature. To further understand the order-disorder transformation in relaxor 
ferroelectrics, a Monte-Carlo simulation is described in Chapter 7. An overall 
summary together with suggestions for future work is given in Chapter 8.  
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2.1 Sample Preparations and Synthesis  
 
2.1.1 Mechanical Activation 
In this study, mechanical activation was employed as a synthesis technique for Pb-
based relaxor ferroelectrics. It was carried out in a high-energy ball mill, where the 
starting materials were shaken at a high-speed in a wear-resistant container, leading to 
refinement, amorphization, nucleation, and subsequent growth of new crystalline 
phases [1,2]. The high energy mills used in this project are SPEX shaker mills.  
 
For mechanical activation, the required oxide components were mixed together by 
conventional ball mill in ethanol using zirconia balls as media for 12 hours. The 
resulting oxide mixture was sieved and consequently loaded into a cylindrical vial of 
stainless steel of 40 mm in diameter and 40 mm in length together with one stainless 
steel ball of 12.7 mm in diameter. The ball to powder ratio was controlled at ~12:1. 
Mechanical activation was then carried out at an operation speed of ~900 rpm for 
various time periods in the range of 0 ~ 30 hours. 
 
 
2.1.2 Synthesis and Fabrication of Electroceramics 
(a) Synthesis of Pb(Fe1/2Nb1/2)O3  
Nanocrystalline Pb(Fe1/2Nb1/2)O3 (PFN) of perovskite structure was synthesized by 
mechanical activation from two different precursors, namely the mixed oxides 
precursor and Columbite precursor. The starting materials used in this chapter were 
commercially available PbO (99% in purity, J.T.Baker Inc.), Fe2O3 (99% in purity, 
J.T.Baker Inc.), and Nb2O5 (99% in purity, Aldrich). To prepare the mixed oxide 
composition, appropriate amounts of PbO, Fe2O3, and Nb2O5 were mixed together 
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according to the stoichometric composition of Pb(Fe1/2Nb1/2)O3 by ball milling in 
ethanol using zirconia balls as  the milling media for 12 hours. Mechanical activation 
was carried for various time periods in the range of 0 ~ 30 hours using the shaker-mill 
operated at ~900 rpm mentioned above. To form the Columbite precursor, Nb2O5 and 
Fe2O3 were mixed together and then calcined at 1000 oC for 4 hours. Mechanical 
activation of PbO together with FeNbO4 was carried out in the same manner as that for 
mixed oxides. The ceramic compositions derived from the two types of starting 
materials were pelleted and then sintered in air at temperatures ranging from 900~1200 
oC for 2 hours at a heating rate of 2 oC/min. 
 
(b)  Fabrication of Pb(Ni1/2W1/2)O3-PbTiO3 
The starting materials for Pb(Ni1/2W1/2)O3-PbTiO3 (PNW-PT) were commercially 
available PbO (>99% in purity, J.T.Baker Inc.), NiO (>99% in purity, Fisher, USA), 
TiO2 (>99% in purity, A Johnson Matthey Company, USA), and WO3 (>99.9% in 
purity, Aldrich, USA). NiO and WO3 were first mixed together by ball mill and 
calcined at 1000 oC for 4 hours. The resulting oxide composition was then mixed with 
PbO and TiO2 according to the stoichiometric composition of (1-x)PNW-xPT. To 
adjust the electrical resistivity and dielectric loss of (1-x)PNW-xPT, 0.3 wt% MnO2 
then added into the mixed oxide composition. Mechanical activation of the mixed 
oxide compositions was then carried out for 24 hours. The resulting nanocrystalline 
compositions were subsequently pressed into pellets and sintered in air at 900-1050 oC 
for 2.0 hours.  
 
(c) Order-disorder Transformation in Pb(Mg1/3Nb2/3)O3-Pb(Mg1/2W1/2)O3 
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Mechanical activation is studied for its effects on order-disorder transformation in 
complex perovskite Pb(Mg1/3Nb2/3)O3-Pb(Mg1/2W1/2)O3 (PMN-PMW). The starting 
materials for (1-x)PMN-xPMW were commercially available PbO (99% in purity, 
J.T.Baker Inc.), MgO (99.6% in purity, J. T. Baker Inc), Nb2O5 (99% in purity, 
Aldrich, USA), and WO3 (99.9% in purity, Aldrich, USA). Mechanical activation of 
the Columbite precursors was employed to prepare pyrochlore-free PMN-PMW. For 
this, MgWO4 and MgNb2O4 were synthesized by calcination of mixed oxides of MgO 
and WO3 or MgO and Nb2O5 at 1000 oC for 6 hours. The resulting Columbite 
precursors were mixed with PbO in the ratios as required by the stoichiometric 
compositions of (1-x)PMN-xPMW. The powder mixtures were each subjected to 
mechanical activation for 10 hours and then calcined at 900 oC for 2 hours, resulting in 
formation of (1-x)PMN-xPMW of perovskite structure. They were mechanically 
activated for various time periods ranging from 0-20 hours, to investigate the order-
disorder transition triggered by mechanical activation. The mechanically activated 
compositions were then subjected to thermal annealing at various temperatures to 
investigate the evolution of structure order. The (1-x)PMN-xPMW powders were then 
pressured into pellets and sintered at temperature in the range of 950 oC to 1100 oC, 
where the selection of sintering temperature is dependent on the content of PMW in 
PMN, followed by investigation into their electrical properties.  
 
(d)  Order-disorder Transformation in Pb(Sc1/2Ta1/2)O3 
Commercially available PbO (99% in purity, J.T.Baker Inc.), Sc2O3 (99.6% in purity, 
J. T. Baker Inc), and Ta2O5 (99% in purity, Aldrich, USA) were used as the starting 
materials. To start with, Sc2O3 and Ta2O5 were mixed and calcined at 1000 oC for 6 
hours. The resulting Wolframite precursor was then mixed together with PbO and 
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calcined at 800 oC to form the wanted perovskite phase, which showed an obvious B-
site structure order. The resulting PST was then mechanically activated for various 
time periods from 0-20 hours, in order to investigate the order-disorder transformation 
triggered by mechanical activation. To study the effects of structure disorder on the 
electric properties, PST derived from mechanical activation were sintered in covered 
crucibles in a PbO rich atmosphere generated by powder bedding, in order to avoid the 
likely loss of PbO by evaporation at the sintering temperatures.  
 
2.2 Characterization Techniques 
2.2.1 X-Ray Diffraction 
Phases presented in the electroceramic compositions derived from various mechanical 
activation conditions were examined using an X-ray diffractometer for phase 
identification. In this work, powdered or ceramic samples derived from mechanical 
activation are composed of fine particles and crystallites, within which one or more 
ordered domains can coexist. An ordered domain refers to the region exhibiting the 
same ordered structure relationship (e.g. the same coordination relationship for the B 
site cations). The crystallite sizes were determined using the Scherrer equation on the 
basis of (220) peak broadening [3]. Similarly, the ordered domain size was 
qualitatively calculated on the basis of (111) superlattice peak using the Scherrer 
equation [3]. The degree of long-range order in PST was calculated by comparing the 
intensity of the principal perovskite (200) peak with that of superlattice (111) peak [4]. 












IIS ,            (2-1) 
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 where S is the order parameter of perovskite structure, (I111/I200)observed the intensity 
ratio of observed superlattice reflection (111) with respect to the fundamental 
reflection of (200) plane , and  (I111/I200)cal,s=1 is the intensity ratio for PST of fully 
ordered perovskite structure.  
 
2.2.2 Raman Spectroscopy   
Raman spectrometry is a useful technique for diagnosing the internal structures of 
molecules and crystals. When a solid specimen is illuminated by an incident light 
beam, the beam will be scattered. Most of the photons are elastically scattered, where 
the scattered light frequency is the same as that of the incident light, which known as 
Rayleigh scattering. Raman scattering pertains to inelastic scattering, the frequency of 
which is given by, 
     hvR=hv0±hvi              (2-2)  
where vR is the frequency of scattered light, v0 the frequency of incident light, and vi  
the frequency of molecule vibration, and h the Planck constant.  
 
There are two types of scattering lines created during Raman scattering, i.e., Stockes 
line and anti-Stockes line. For the Stokes line, the frequency of scattered light is less 
than that of the incident light (vR=v0-vi), while the frequency of anti-Stockes line is 
higher than that of the incident photon (vR=v0+vi). As the anti-Stokes line is much less 
intense than the Stokes line, Raman spectra normally refers to the Stockes line only. 
The difference in frequency between the scattered light and the incident light, also 
known as the Raman shift, is directly related to the intrinsic vibration energy levels of 
molecules in a material under investigation (hvi). Raman spectroscopy studies can 
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therefore extract useful information on the molecular geometries, chemical bonds, and 
interactions of molecules in the material.  
 
In this work, Raman spectroscopic studies were performed using a Renishaw 2000 
micro-Raman system, equipped with a liquid-nitrogen-cooled CCD detector. The 
excitation source used was a Helium-Neon laser operated at 632.8 nm. Bulk ceramic 
samples with relatively smooth surfaces and pellets of powder samples were mounted 
onto the stage. During the measurement, a laser spot of 1 µm in size was focused onto 
the sample surface to produce the Raman scattering.   
 
2.2.3 Impedance Spectroscopy      
Impedance analysis is a nondestructive method for studying the electrical properties of 
materials [7-9]. Impedance (Z) is the ability of an electrical component or material to 
resist the flow of alternating electric current (AC). It is normally presented as a 
complex quantity (Z*=R+jX) as graphically shown on the vector plane in Fig. 2-1. 
Complex impedance has a real part (resistance, R), and an imaginary part (reactance, 
X) [7, 8]. The real part (or resistance) qualifies the dc resistance, while the reactance is 
contributed by the capacitance or inductance. For a capacitor, the reactance is defined 
as X=1/ωC (Capacitance, C; angular frequency, ω), while for an inductor, X=ωL 
(inductance, L). Complex impedance can also be presented in a polar form as a 
magnitude (|Z|) and a phase angle (θ). The tangent of the phase angle θ quantifies the 
ratio of the energy stored in the electrical device/component to the energy dissipated 
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Impedance is usually measured by applying a small AC signal to an electrical circuit  
Impedance is usually measured by applying a small AC signal to an electrical circuit 
and measuring the output current. The output is generally analyzed in terms of an 
equivalent circuit model, the impedance of which matches the measurement data. By 
fitting the impedance data to the equivalent circuit model, one can extract useful 
information such as the conductivity and dielectric properties of the material, and 
further cast some lights on the physical mechanisms involved.   
 
In this project, impedance measurement was carried out using a Solatron Gain Phase 
Analyzer (S1260), equipped with two temperature chambers, covering the temperature 
range of –195 oC~800 oC. Prior to each measurement, silver paste was applied on both 
sides of each of the ceramic specimens, and subsequently fired at 700 oC for 20 
minutes. The impedance measurements were then carried out at frequencies in the 
range of 0.01 Hz to 1M Hz, and the temperature range of –195 to 800 oC.  
 
2.2.4 Dielectric Analyses       
Dielectric property is also one of the primary parameters for electric property 
evaluation [7-11]. It characterizes the ability of a material to store charge. A dielectric 
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exhibits localized charges that can be displaced by an external electric field, where the 
charge displacement is referred to as electrical polarization. Electrical permittivity is 
defined by how easily for a material to generate polarization when an electric field is 
applied. Since dielectric properties are very sensitive to the measurement frequency 
and temperature, they are widely used to study the polarization mechanisms and phase 
transition behaviors of ferroelectric materials. 
 
Similar to impedance, the dielectric behavior can be expressed as a complex quantity, 





i ωωεωεωε =−=      
  Tan(δ)= "ε / 'ε           
(2-3. a) 
(2-3. b) 
where *ε is the complex relative permittivity (also refers to as dielectric constant), 
'ε and "ε  are the real and imaginary part of relative permittivity, respectively, C0 the 
vacuum capacitance, Z* the complex impedance, ω the angular frequency, and 
Tan(δ) the dissipation factor (or loss factor) that quantifies the ratio of energy 
dissipation to that stored inside the capacitor.  
 
In this project, dielectric measurement were carried out using a Solatron Gain Phase 
Analyzer (S1260), equipped with two temperature chambers, covering the temperature 
range of –195 oC~800 oC. Prior to each measurement, silver paste was applied on both 
sides of each of the ceramic specimens, and subsequently fired at 700 oC for 20 
minutes. A precise LCR meter (HP4284A) connected to a temperature chamber 
(temperature range of –70-180 oC) was also employed to study the dielectric properties 
of Pb-based relaxors investigated in this project.  
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2.2.5 Scanning Electron Microscopy (SEM)     
SEM is an essential analyzing technique for exploring microstructures of ceramic 
materials [12-15]. The working principle of SEM is illustrated schematically in Fig. 2-
2.  A fine “probe” beam of electrons from an electron gun is focused on the specimen 
surface. The electron beam is controlled by a scan generator that allows it to scan in a 
raster-like pattern over the specimen surface. When electrons collides the specimen 
surface, various signals are created. These signals are then collected by the detectors, 
amplified and converted into electrical signals. They are finally sent to a cathode ray 
tube (CRT), which is used to control the intensity of the scanning spots to generate the 
on-screen image. Since the positions of the spots on the CRT scan in the same way as 
the scan generator that controls the incident electron beam, CRT can therefore produce 
magnified images according to the brightness and contrast based on the signals picked 
up from the specimen surface. 
 
There are several emissions that can be created during the interaction between 
electrons and specimen surface, including X-rays, photons, backscattering electrons, 
and the secondary electrons (SE). These emissions can be collected and utilized to 
analyze the surface morphology and composition of the specimen, as described below 
[12-15]: 
 
(a) Secondary electron (SE): It is the most commonly used emission in SEM, which is 
produced when the energy of the incident electron beam is absorbed by the atoms 
of the specimen, leading to ionization and generation of low-energy secondary 
electrons. Secondary electrons are very sensitive to the surface morphology of the 
specimen, and are therefore used to produce surface images.  
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(b) Backscattering electron (BSE): It occurs when the incident electrons are scattered 
backwards. Production of the backscattered electrons is closely dependent on the 
atomic weights of elements presented in the specimen. Thus, BSE gives a contrast 
image of the elemental distribution on specimen surface, based on the difference in 
atomic weight of the elements. 
(c)  Energy dispersive X-ray (EDX): When a low energy (usually K-shell) electron is 
emitted, a high energy electron will fall into the low energy level to fill the 
vacancy, in turn generating X-rays to balance the total energy. The emitted X-ray 
shows a characteristic energy or wavelength, which is unique to the element from 
which it originates. Thus the X-ray can be utilized to qualitatively analyze the 
elemental content of a selected area in specimen. In addition, EDX can also be 
used to generate EDX compositional mapping which provide spatial distribution of 























Cathode ray tube 
(CRT) 
Fig. 2-2. Schematic diagram of a scanning electron microscopy [14].  
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In this study, both powder and sintered ceramic samples were characterized using a 
Philips XL-FEG scanning electron microscope (Philips FEG-SEM XL 30), which has 
an X-ray microanalysis attachment for EDX. Each powder sample was first dispersed 
on the surface of a conducting tape before being coated with a layer of conducting 
film, e.g. gold or carbon film deposited by a sputter Coater (SCD 005 Sputter Coater). 
For EDX mappings, the sintered specimen was polished and etched first, before being 
coated with a thin carbon layer.  
 
2.2.6 Transmission Electron Microscopy (TEM)     
Transmission electron microcopy (TEM) is also a commonly used imaging technique 
for materials research. It can provide information down to an atomic scale. In addition, 
the combination of electron energy-loss spectrometry (EELS) and energy-dispersive x-
ray spectrometry (EDX) with TEM enables the study of compositional distribution 
[16-17].    
 
In TEM, the electron gun at the top of TEM column produces a beam of 
monochromatic electrons, which is focused by a series of condenser lenses and 
apertures. The electron beam strikes the specimen foil and transmits partially through 
it. The transmitted emissions are focused by the objective lens to form images, which 
are enlarged on the phosphor image screen. TEM can generate several emissions, 
including elastically scattered electrons and inelastic electrons. The elastically 
scattered electrons are used to form TEM images and diffraction patterns, and the 
inelastic electrons and X-rays are collected by detectors to create electron energy loss 
spectra (EELS) or X-ray energy disperse spectra (EDX), respectively. 
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 Several important images in a typical TEM can be summarized as follows [16, 17]:   
(a) Bright field image (BF) (Fig.2-3 (a)): BF image of TEM is similar to that of an 
optical microscopy. When an electron beam hits the specimen, part of it is 
transmitted and deflected by the objective and intermediate lens, to form a 
magnified image on the view screen. An aperture is used to block the scattered 
electrons and allow only the unscattered electron beam to pass through. The 
brightness of a BF image is determined by the amount of unscattered electrons 
passing through the selected aperture, which is sensitive to the thickness or density 
of the specimen area under study.       
(b) Selected area diffraction (SAD) (Fig. 2-3 (b)): When a transmission electron beam 
passes through a specimen, both the scattered and unscattered beam will be 
focused, by the objective and intermediate lens, to form diffraction spots on the 
back focal plane of the objective lens. If an intermediate aperture is positioned in 
the image plane of the objective lens, only a selected area of specimen covered by 
the aperture contributes to the diffraction pattern. This allows for analysis of 
selected micro-regions of a crystalline structure. 
(c) Dark field image (DF) (Fig. 2-3 (c)): If the unscattered electrons are blocked using 
an aperture in the diffraction plane, allowing only certain diffraction electrons to 
pass through, a dark field image will be obtained (DF) (Fig. 2-3 (c)). In order to 
improve the contrast, the incident beam is tilted, so that the chosen diffraction 
beam travels along the optical axis and passes through the centered aperture. The 
diffraction beam is thus directed along the optical axis, resulting in an improved 
contrast. Only part of the diffraction electrons contribute to the dark field image, 
therefore it can be used to characterize the crystallographic information related to a 
specific diffraction beam.   
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(d) High–Resolution TEM Image (HRTEM) (Fig. 2-3(d)): The principle of HRTEM 
differs from that of a conventional TEM: it can be understood by a Fourier phase 
transformation. The incident electron ray passes through the specimen and is 
transformed into Fourier forms by the objective lens. The ray is then converted by 
a back Fourier transformation to form an HRTEM image. In order to get an 
HRTEM image of high contrast, at least one diffraction beam is needed, along with 
the unscattered beam. The high-resolution image is in fact the interference pattern 
of the diffraction beam and unscattered beam. HRTEM is very useful for 
microstructure analysis, providing information on the crystal structures, defects, 
and phase information at atomic scales. 
 
In this project, a JOEL (100 CX) transmission electron microscope was used to study 
the nanocystalline ceramic powders derived from mechanical activation. HRTEM 
(Philips CM300 FEG) was employed to study the crystal and defect structures at an 
operation voltage of 300 kV. Prior to examination using TEM/HRTEM, each powder 
sample was dispersed in ethanol assisted by ultrasonic treatment, and a copper mesh 
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Back Fourier transform 
Objective 
lens 
Viewing screen Fig.2-3. Schematic diagrams of transmission electron microscopy working in various 
modes: (a) Bright field image (BF), (b) Select area diffraction (SAD), (c) Dark field 
image (DF), and (d) High resolution phase contrast image (HRTEM) [14].   
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2.2.7 Differential Thermal Analysis (DTA) 
DTA is very useful for determining the precise temperature of a chemical reaction or 
phase transition [18]. In this technique, two thermocouples are connected to a 
voltmeter, one of which is placed in an inert reference material such as alumina, while 
the other is placed inside the specimen under study. As the temperature increases, 
there will be a deflection of the voltmeter if the sample undergoes a phase transition. 
By comparing the nature and the amount of heat flow (either exothermic or 
endothermic) between the sample and the inert reference, one can determine the 
precise temperature of chemical reaction or phase transition involved. 
 
DAT measurements were carried out in air using a Perkin-Elmer 7 series Thermal 
Analysis System, with a constant heating or cooling rate of 10 oC/min over the 
temperature range of 30-1050 oC.  
 
2.2.8 Vibrating Sample Magnetometer (VSM) 
Vibrating Sample Magnetometer (VSM) is widely employed to study the magnetic 
properties [19]. When a sample is vibrating in a magnetic field, it will induce some 
magnetic flux change, leading to an ac signal in the pick-up coils. The amplitude of 
this signal is proportional to the magnetic moment of the sample. In this work, PNW-
PT specimen was mounted onto the sample holder with PTFE sealing tape. Before 
each measurement, calibration was performed using a Nicole metal.  
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3.1 Background 
Pb(Fe1/2Nb1/2)O3 (PFN) has been studied as a candidate material for multilayer 
capacitors and other multilayer devices, owing to its excellent dielectric properties 
(relative permittivity of ~30000). It also exhibits a low firing temperature (~1000 oC), 
allowing use of low cost electrode materials, such as Pd-Ag alloys, for the co-fired 
multilayer devices [1,2]. It undergoes a diffuse ferroelectric phase transition (DFT) at 
around 107 oC and an antiferromagnetic phase transition at around -130 oC [3,4], 
making it a typical ferroelectromagnetic material [4].  
 
However, there is a lack of reproducible fabrication techniques for single-phase PFN 
[2]. One of the main hindrances arises from the occurrence of unwanted pyrochlore 
phases and loss of volatile lead oxide at elevated calcination or sintering temperatures. 
Considerable efforts have been made to enhance the dielectric and ferroelectric 
properties of PFN by processing control. When conventional solid-state reaction was 
used to synthesize PFN, one or more pyrochlore phases always occurred, and a 
relatively high sintering temperature was required for achieving the desirable sintered 
density [5, 6]. Molten salt facilitates the long-range diffusion of atoms and favours 
formation of perovskite phase at a relatively low temperature. However, it always 
introduces some impurity phases that can be harmful to electrical properties [7]. 
Nanosized PFN particles derived via chemical routes, such as sol-gel, improves the 
phase purity and sintering behaviour. However they require expensive chemicals as 
the starting materials and are also disadvantaged by a low production yield [8]. Other 
synthesis techniques, such as coprecipitation involve rather complex steps for 
formation of complex perovskites [9-10].      
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Mechanical activation (MA) has recently been devised and employed for synthesis of 
lead-based complex perovskites [11-13], including Pb(Mg1/3Nb2/3)O3 (PMN) [14], 
Pb(Zn1/3Nb2/3)O3 (PZN) [15], and Pb(Fe2/3W1/3)O3 (PFW) [16]. A single perovskite 
phase of PMN, was successfully synthesized through a single step mechanical 
activation of raw mixed oxides. Mechanical activation can also produce PZN of 
perovskite structure at room temperature, which otherwise cannot be formed by solid-
state reaction among the mixed oxides [15]. Multiple-component PZN-PT, PZN-PFW, 
and PZN-PT, have also been realized by mechanical activation [16-18]. In comparison 
to the wet chemistry routes, mechanical activation shows several apparent advantages. 
For example, it can produce nanocrystallites of perovskite phases, which lower the 
sintering temperature. Moreover, pyrochlore phases, which exhibit a low relative 
permittivity and almost always occur as intermediate phases in the conventional solid-
state reaction [5], can be bypassed by mechanical activation, hence improving the 
dielectric properties of electroceramics [14,15].   
 
3.2 Purposes of Study 
 In spite of the fact that mechanical activation leads to formation of complex 
perovskites, the phase formation processes involved are still far from being 
understood. They are rather different from thermal activation, where interfacial 
diffusions and interfacial reactions are always involved [14-16]. Mechanical activation 
triggers the nucleation of nanocrystallites directly from the precursor matrices, where 
the long range interfacial diffusion is not required [14-16]. The combination sequence 
of starting materials plays an important role in determining the phases derived from 
solid-state reaction of constituent oxides. It is therefore also of interest to explore the 
effect of combination sequence of the starting materials on phase formation of PFN 
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triggered by mechanical activation. For this, two types of starting materials were 
selected, i.e., mixed oxides of PbO, Fe2O3, and Nb2O5, and Columbite precursor 
consisting of FeNbO4 and PbO. To adjust the electrical properties, a small amount of 
MnO2 was introduced. The objectives of this chapter are: 
 
(i) to investigate the feasibility of synthesizing nanocrystalline PFN of perovskite 
structure by mechanical activation;  
(ii) to explore and understand the differences in phase stability, sintering 
behaviours, and resulting dielectric properties of PFN derived from the two 
different types of starting materials; 
(iii) to further improve the electrical properties of PFN derived from mechanical 
activation by adding an appropriate amount of MnO2 as dopant.  
 
3.3  Results and Discussion  
 
 
3.3.1 Phases by XRD  
Fig. 3-1 shows the XRD patterns of mixed oxides of PbO, Fe2O3, and Nb2O5 
equivalent to PFN when subjected to mechanical activation for various time periods at 
room temperature. The starting oxide mixture exhibits the peaks of lead oxide, iron 
oxide, and niobium oxide. Upon 5 hours of mechanical activation, perovskite PFN 
phase arises, as indicated by the broad peak centred at 2θ of ~32.2o, although PbO 
(111) remains as the principal phase which has undergone a degree of amorphization. 
Further mechanical activation enhances the amount of perovskite phase formed at the 
expense of lead oxide. Upon 20 hours of mechanical activation, a well-established 
perovskite phase is evident, although a trace amount of residual lead oxide still exists 
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as indicated by the small hump centred at 2θ of 29.0o. Extending mechanical activation 
time to 30 hours sharpens the XRD peaks, indicating an increasing crystallinity of 
PFN with the extension of mechanical activation time. The average crystallite size at 
30 hours of mechanical activation was calculated to be ~12 nm using the Scherrer’s 
equation, based on the half-width of (110) peak [17].  
 
X-ray spectra of the powders derived from the Columbite precursor upon mechanical 
activation for various durations are shown in Fig. 3-2. As expected, the unactivated 
precursor exhibits peaks of PbO and FeNbO4 phases. Upon 5 hours of mechanical 
activation, a notable amount of perovskite phase is observed, together with the broad 
peaks of PbO and Columbite phase. The nanocrystalline PFN phase is well established 
upon 20 hours of mechanical activation. Further extending mechanical activation to 30 
hours results in an improvement in crystallinity of perovskite phase, as indicated by 
the sharpened diffraction peak at 2θ of ~32.2o. Similar to PFN derived from 
mechanical activation of mixed oxides, there exists a trace amount of residual lead 
oxide after 30 hours of mechanical activation, as indicated by the small hump centred 
at 2θ of 29.0 o.  
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2θ (Degree)Fig. 3-1. XRD diffraction patterns of the oxide mixture of PbO, Fe2O3, and Nb2O5 
subjected to various durations of mechanical activation at room temperature from 
0 to 30 hours (O: perovskite of PFN; P: PbO; N: Nb2O5, F: Fe2O3).  57
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Fig. 3-2. XRD diffraction patterns of the Columbite precursor consisting of mixed 
PbO and FeNbO4, when subjected to various time periods of mechanical activation 
at room temperature from 0 to 30 hours (O: perovskite of the PFN; P: PbO; FN: 
FeNbO4). 
 58
Chapter 3: Sequential Combination Effects of starting materials in Pb(Fe1/2Nb1/2)O3  
3.3.2 Particle and Crystallite Characteristics  
As can be seen from the TEM micrographs in Fig. 3-3 (a, b), the PFN powder derived 
from mechanical activation of mixed oxides consists of nanosized particles of 15~35 
nm in size, although they occur as particle agglomerates. No obvious difference was 
observed between the PFN derived from mixed oxides and Columbite precursor.  
 
To further understand the crystallite characteristics of the PFN phases derived from 
mechanical activation of mixed oxides and Columibite precursors, HRTEM was 
employed. As shown in Fig. 3-4 (a,b), the PFN derived from mixed oxides is 
composed of highly defective nanocrystallites of 10-15 nm in size, which are dispersed 
in an amorphous matrices. The powder derived from the Columbite precursor shows a 
similar structure consisting of crystallites dispersed in amorphous matrices. Their 
nanocrystallites observed using HRTEM are about of 8-14 nm in size, in an agreement 
with what has been obtained using XRD, which gave an average crystallite size of ~12 
nm as calculated using the Scherrer equation [17].  
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 Fig. 3-3. (a) TEM micrograph showing the nano-sized particles of PFN 
derived from PbO, Fe2O3, and Nb2O5, subjected to 30 hours of mechanical 
activation. (b) TEM micrograph showing the nano-sized particles of PFN 
derived from Columbite precursor of PbO and FeNbO4, subjected to 30 
hours of mechanical activation. 60



























Fig. 3-4. HRTEM images of PFN derived from (a) mixture of PbO, Fe2O3 and 
Nb2O5 subjected to 30 hours of mechanical activation, and (b) Columbite 
precursor of PbO and FeNbO4, subjected to 30 hours of mechanical activation. 
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3.3.3 Thermal Stabilities 
The phase stabilities of the two nanocrystalline PFN powders derived from mixed 
oxides and Columbite precursor, respectively, were examined using DTA. In Fig. 3-5 
(a), two strong exotherms together with three endotherms are observed for the 
unactivated mixed oxides of PbO, Fe2O3 and Nb2O5. The exotherm at ~294oC is 
related to the phase transition of lead oxide with increasing temperature, and the one at 
around 618 oC is attributed to formation of pyrochlore phase. The endotherm at ~743o 
is due to the conversion from one pyrochlore phase to another, and the endotherm at 
885o is related to the formation of perovskite PFN. These thermal events are in 
agreement with those in a previous study and were also confirmed by the phase 
analyses using XRD [18]. In addition, there is also a small endotherm at around 325 
oC, which can be accounted for by the burn off of residual ethanol derived from the 
mill solvent [19]. Upon 30 hours of mechanical activation, the endotherms and 
exotherms related to phase transition of lead oxide and formation of pyrochlore phases 
and perovskite phase have disappeared, indicating the formation of PFN triggered by 
mechanical activation as shown by XRD phase analysis. Only a minor endotherm at 
~325oC and a broad exotherm at ~266 oC were observed. The small endotherm at 
around ~325 oC can be ascribed to the burning off of organic residual solvents, while 
the exothermal at around ~266 oC is due to the phase transition of residual PbO, which 
was reported previously [20]. In comparison to that in the unactivated composition, the 
exotherm at around ~266 oC has broadened and shifted to a slightly lower temperature, 
as mechanical activation has significantly refined the crystallite size and created 
defects in PbO [21]. As shown in Fig. 3-5 (b), DTA trace of the unactivated mixture of 
PbO and FeNbO4 exhibits two exotherms. The first one at ~304oC is related to the 
phase transition of lead oxide, and the second one at ~712 oC to the formation of 
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perovskite phase, in an agreement with the previous report [6]. As confirmed by phase 
analysis using XRD, little pyrochlore phase was involved as a transitional phase before 
formation of perovskite phase with increasing temperature. Upon 30 hours of 
mechanical activation, the broad exotherm at ~260oC, due to the phase transition of 
residual lead oxide, is the only one left, indicating that the formation of perovskite 
phase has largely completed by mechanical activation. 
 
Fig. 3-6 (a) shows XRD patterns of the PFN powder derived from mechanical 
activation of mixed oxides upon calcination at various temperatures. Pyrochlore phase 
was observed at temperatures above 500 oC, and it peaks in amount at around 600 oC. 
A further rise in calcination temperature steadily eliminates the pyrochlore phase. In 
comparison, the nanocrystallite PFN phase derived from Columbite precursor remains 
as the only phase, over the entire calcination temperature range of 400 to 900 oC, as 
shown in Fig. 3-6 (b), without involving any pyrochlore phases with increasing 
temperature. PFN was also synthesized by conventional solid state reaction, where the 
perovskite phase is rather stable. This indicates that the low thermal stability is very 
unique for the PFN derived from mechanical activation of mixed oxides.  
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Fig. 3-5. DTA traces of PFN derived from mixed oxides and Columbite precursor, 
respectively, together with those of unactivated oxide compositions: (a) mixed 
oxides of PbO, Fe2O3, and Nb2O5; (b) Columbite precursor of PbO and FeNbO4. 
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 Fig. 3-6. XRD traces of PFN powder derived from mechanical activation and then 
calcined at various temperatures showing their thermal stability: (a) PFN derived 
from mixed oxides of PbO, Fe2O3 and Nb2O5, and subjected to 30 hours of 
mechanical activation; (b) PFN derived from PbO and FeNbO4, and subjected to 30 
hours of mechanical activation. 65
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3.3.4 Compositional Inhomogeneities 
To understand the reason behind the different thermal stabilities between the two PFN 
phases, derived from mixed oxides and Columbite precursor, respectively, Raman 
spectroscopic studies were carried out. For comparison, a single perovskite PFN phase 
prepared by solid state reaction was also characterised using the Raman spectrometer. 
As shown in Fig. 3-7, α-Fe2O3 phase was observed together with perovskite PFN 
phase in the material derived from the mixed oxides [22], although Nb2O5 was not 
detected. In contrast, only PFN phase was observed for the material derived from the 
Columbite precursor. It is obvious that certain Fe2O3 was left out in the former, 
although this was not revealed by XRD. Upon calcination with increasing temperature, 
the compositional inhomogeneity in association with residual oxides leads to 
formation of pyrochlore phase.  
 
Mechanical activation has been observed to be fundamentally different from thermal 
activation in several aspects. For example, it skips the transitional pyrochlores, 
indicating that the phase formation occurs via a completely different mechanism. It has 
been proposed that the formation of nanocrystalline perovskite phase triggered by 
mechanical activation is not a consequence of conventional interfacial reactions and 
diffusions [23-25]. The observed inhomogeneity in phase distribution of PFN derived 
from mixed oxides can be accounted for by the lower reactivity of Fe2O3, in 
comparison to those of PbO and Nb2O5, although growth of PFN nanocrystallites 
triggered by mechanical process may not be a result of the long distance diffusion as 
proposed by Bellon, and Averback [26]. Fe2O3 is much more inert than either PbO or 
Nb2O5. For example, the thermal diffusion rate of Fe3+ (activation energy in Fe2O3 of 
469 kJ/mol at 760-1300 oC) is much lower than that of Nb5+ (activation energy in 
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Nb2O5 of 118.1 kJ/mol at 500-900 oC) [27]. Therefore, not all Fe2O3 was combined 
into the perovskite structure by mechanical activation. Residual Fe2O3 remains as fine 
crystallites as has been detected by Raman spectrometer.  
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    

















































































Fig. 3-7. Raman spectra of PFN: (a) derived from mechanical activation of mixed oxides 
of PbO, Fe2O3, Nb2O5; (b) derived from mechanical activation of Columbite precursor 
of PbO and FeNbO4; (c) perovskite PFN phase prepared by solid state reaction. 
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3.3.5 Sintering Behaviours 
Sintering behaviours of PFN derived from mixed oxides and Columbite precursor, 
respectively, are illustrated in Fig. 3-8. The PFN derived from mixed oxides shows an 
increase in sintered density over the temperature range of 950 to 1150 oC. However, 
the maximum sintered density is limited to below 93% theoretical density. In contrast, 
the PFN derived from the Columbite precursor shows an increase in sintered density to 
99% theoretical at 1050 oC. Further increasing the sintering temperature leads to a 
slight drop in density at 1150 oC. Therefore, its sintered density is much higher at each 
sintering temperature than that of the PFN derived from mixed oxides. 
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Fig. 3-8. Sintered density as a function of sintering temperature for PFN derived  
from mixed oxides and Columbite precursor, respectively. 
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Fig. 3-9 (a-d) show the fracture surfaces of PFN sintered at temperatures ranging from 
950 to 1150 oC, derived from mechanical activation of mixed oxides of PbO, Fe2O3 
and Nb2O5. At 950 oC, a very porous surface with an average grain size of ~1.5 µm is 
observed. With the increase in sintering temperature, the average grain size increases 
steadily from ~4 µm at 1000 oC to ~7 µm at 1100 oC. At the same time, the fracture 
surface becomes less porous. However there exists a network of intergranular pores of 
~2 µm in size, even when sintered at 1150 oC. The fracture surfaces of PFN derived 
from mechanical activation of Columbite precursor are shown in Fig. 3-10 (a-d). 
Comparing to those in Fig.3-9 (a-d), they exhibit a much denser fracture surface at 
each sintering temperature, with few pores occurring at the intergranuar positions. The 
grain size is also smaller than that of the material derived from mixed oxides at each 
sintering temperature. It increases gradually from ~0.8 µm at 1000 oC to ~4 µm at 
1100 oC.  At 1150 oC, coarsened grains and intergranlular pores were observed, which 
can be ascribed to the over-sintering, such that loss of lead and grain coarsening occur 
at such high temperature. The above difference in sintering behaviours and 
microstructures between the PFN derived from mixed oxides and Columbite precursor, 
respectively, can be accounted for by their difference in particle and crystallite 
characteristics in the as-synthesised state from mechanical activation. As discussed 
earlier, pyrochlore phase was involved as a transitional phase with increasing 
temperature for the PFN derived from mixed oxides. As the molar volume of 
pyrochlore phase is larger than that of perovskite phase, the conversion from 
pyrochlore phase to perovskite phase can create pores. At the same time, the 
composition heterogeneity can also result in Kirkendall swelling [28-30], due to the 
different diffusion rates of remaining phases. In comparison, no pyrochlore phase is 
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involved in the PFN derived from the Columbite precursor, and the composition is 
also homogeneous, leading to a higher sintering density.  
 
 
     
 
 










   
Fig. 3-9 (a-d): Fracture surfaces of PFN derived from mechanical activation of 
mixed oxides of PbO, Fe2O3, and Nb2O5, and sintered at (a) 950 oC, (b) 1000 oC, (c) 
1100 oC, and (d) 1150 oC, respectively. 
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Fig. 3-10 (a-d): Fra
PbO and FeNbO4, 
1150 oC, respective
 cture surfaces of PFN derived from the Columbite precursor of 
and sintered at (a) 950 oC, (b) 1000 oC, (c) 1100 oC, and (d) 
ly. 
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3.3.6 Dielectric Properties 
The relative permittivity (εr) and dissipation factor (tan(δ)) of PFN derived from the 
two types of starting materials, at various sintering temperatures, are summarised in 
Table 3-1. For the PFN derived from mixed oxides and sintered at 950 oC, a peak 
relative permittivity of ~5000 was measured at 1 kHz. The relative permittivity 
increases dramatically with sintering temperature at above 1000 oC; relative 
permittivities of around 14500 at 1000 oC and 15520 at 1050 oC were observed. At 
sintering temperatures above 1100 oC, it became rather conductive, leading to an 
unrealistically high relative permittivity and extremely large dissipation factor. In 
comparison, a more realistic relative permittivity and a lower value of dissipation 
factor were observed for the PFN derived from the Columbite precursor, although they 
also increase steadily as the sintering temperature increases. A peak relative 
permittivity of ~17000 and a dissipation factor of ~0.36, and a relative permittivity of 
~27000 and a dissipation factor of ~0.45 were measured for materials sintered at 1000 
and 1100 oC, respectively. These relative permittivities and dissipation factors are 
comparable to those of the materials derived from other processing routes. For 
example, a relative permittivity of ~20000 and a dissipation factor of ~0.2 at the 
sintering temperature of 1075 oC, while a relative permittivity of 100000 and a high 
dissipation factor of ~6 at the sintering temperature of 1175oC were reported [31]).   
 
The high relative permittivity and dissipation factor observed above can be ascribed to 
trapped charge carriers, hopping of which can give rise to some extra dielectric 
response in additional to the dipole response. A relatively high conductivity can also 
result in an extremely high dissipation factor, as discussed by Jonscher [32]. The high 
conductivity and charge carriers in association with Fe2+/Fe3+ in the PFN derived from 
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conventional solid reaction has been indicated in Mössbauer study of PFN and 
impedance analysis of PFW-PFN-PZN [33,34]. In this work, Fe contamination from 
the stainless steel ball and activation vial was estimated to be ~0.2% iron oxide. 
Therefore, the following equilibrium can occur, generating further conductivity from 




'.. gOFeVO Feoo ++⇔      (3-1) 
Occurrence of charge carriers in PFN is strongly affected by the compositional 
homogeneity and sintering temperature. In the nanocrystalline PFN derived from 
mechanical activation of the Columbite precursor, little residual Fe2O3 was detected 
and no transitional pyrochlore phase was developed with increasing temperature. 
Therefore, Fe3+ are largely locked in the B sites of perovskite structure, making the 
hopping process difficult, although the Fe contamination can result in formation of 
Fe2+ at the sintering temperature. In contrast, there is a considerable degree of 
compositional inhomogeneity in the PFN derived from mechanical activation of mixed 
oxides, as confirmed by the experimental results of Raman spectrometer. Any residual 
Fe2O3, together with Fe contamination, in sintered PFN can create an opportunity for 
Fe3+/Fe2+ to take place and therefore leading to a high conductivity. As a result, the 
resistivity from dc measurement for the PFN derived from mixed oxides is much lower 
than that derived from Columbite precursors (3.4×107 Ω·cm for the PFN derived from 
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Table 3-1: Peak relative permittivities and corresponding dissipation factors at 
1 kHz for PFN derived from mixed oxides and Columbite precursor, 
respectively, at various sintering temperatures (without MnO2 dopping). 
 
 









950 oC 5005 0.455 5008 0.462 
1000 oC 14499 0.257 17284 0.362 
1050 oC 15520 0.584 19377 0.482 
1100 oC 86489 5.674 27028 0.452 




The impedance diagrams for PFN derived from the two types of starting materials are 
shown in Fig. 3-11.  Two depressed semi-circles were observed in the PFN derived 
from mixed oxides sintered at 1000 oC. The smaller one is ascribed to the bulk effect, 
corresponding to a resistance of about 7.0×107 Ω·cm. The bigger one is due to the 
grain boundary effect, the resistance of which is at around 3.7×108 Ω·cm and is much 
higher than that of the bulk effect. When sintered at 1100oC, only one depressed 
semicircle at about 1.4×106 Ω·cm was observed. For PFN derived from the Columbite 
precursor and sintered at 1000 oC, the impedance plot also shows two semicircles, 
corresponding to a bulk resistance of 7.3×107 Ω·cm and a grain boundary resistance of 
1.8×108 Ω·cm, respectively. When sintered at 1100oC, the bulk resistance is reduced to 
about 4.0×107 Ω·cm and the grain boundary effect has disappeared. On the one hand, 
these experimental results show that there is an increase in conductivity with 
increasing sintering temperature for both types of PFN, in association with a decrease 
in resistance from both bulk and grain boundary. This is expected on the basis of 
microstructure evolution with increasing temperature as shown in Fig.3-9(a-d) and 
Fig. 3-10(a-d). On the other hand, bulk resistance of the PFN derived from mixed 
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oxides is much smaller than that of the PFN derived from Columbite precursor. As a 
result of the high conductivity and Fe3+/Fe2+ hopping, the former demonstrates an 
unrealistically high relative permittivity and extremely high dissipation factor, when 
sintered at high temperatures. 
                                                    
                                                    
                                                    
                                                    














                                                    
                                                    
                                                    
                                                    





















                                                    
                                                    
                                                    
                                                    















                                                    
                                                    
                                                    
                                                    














Z'(Ω⋅cm)Fig. 3-11. Impedance Cole-Cole plots for PFN: (a) sintered at 1000 oC and derived 
from mechanical activation of mixed oxides, (b) sintered at 1100 oC and derived from 
mechanical activation of mixed oxides, (c) sintered at 1000 oC and derived from 
mechanical activation of Columbite precursor, and (d) sintered at 1100 oC and derived 
from  mechanical activation of  Columbite precursor, respectively. 76 
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The relative permittivity and dissipation factor as a function of temperature for PFN 
sintered at 1050 oC and derived from the mixed oxides and Columbite precursor are 
shown in Fig. 3-12 (a,b), respectively. Both materials exhibit apparent frequency 
dispersions in relative permittivity. A Curie temperature of 105 oC was measured for 
the PFN derived from mixed oxides, in contrast to 107 oC for the PFN derived from 
Columbite precursor when both were measured at 1 kHz. The former exhibits a lower 
relative permittivity and a slightly higher dissipation factor than those of the latter, due 
to the higher conductivity in association with the compositional inhomogeneity as 
described above. Both these PFNs derived from mechanical activation exhibits high 
dielectric loss, which is not suitable for capacitor applications. By adding a small 
amount of MnO2 (0.3%), their conductivities can be greatly reduced, therefore 
significantly improving the applicability, which will be described further in the 























                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    






                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    

































                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    

































 Fig. 3-12. Relative permittivity (εr) and dissipation factor (tan(δ)) as a function of
temperature for PFN sintered at 1050 oC, and derived from (a) mechanical activation
of mixed oxides of PbO, Fe2O3, Nb2O5, and (b) mechanical activation of Columbite
precursor of PbO and FeNbO4, respectively. 78
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3.3.7 MnO2 Doping in PFN 
Although mechanical activation enhances the dielectric properties and lowers the 
sintering temperature of PFN, iron contamination brought about by mechanical 
activation can create charge carriers, leading to high conductivity and degrading the 
dielectric behaviours of PFN. To improve the dielectric properties, a minor amount of 
MnO2 (0.3 wt%) was introduced into the Columbite precursor of PFN prior to 
mechanical activation. As reported previously [33], an appropriate amount of MnO2 
(e.g. 0.3 wt%) has a dramatic effect on the electrical properties of PFN, because MnO2 
have a strong oxidation ability, which can oxidize Fe2+ into Fe3+.  As discussed earlier, 
there occurs electron hopping between Fe2+ and Fe3+in PFN. The MnO2 doping can 
therefore greatly reduce the hopping process in PFN and improve the electrical 
properties of PFN. 
 
The relative permittivities as a function of temperature for Mn-doped PFN derived 
from mechanical activation of Columbite precursor and sintered at various 
temperatures are shown in Fig. 3-13 (a-e). At low sintering temperature of 950 oC, a 
broad permittivity peak was observed at around Cuire temperature of 110.1 oC. The 
relative permittivity also exhibits an apparent frequency dispersion behaviour, 
suggesting an occurrence of space charge effect [32]. With increasing sintering 
temperature, the relative permittivity is enhanced significantly, while the dielectric 
dispersion is reduced. A slight decrease in Curie temperature was also observed with 
rising sintering temperature, due to the loss of volatile PbO through evaporation at 
high temperatures. At the sintering temperature of 1050 oC and a measurement 
frequency of 1 kHz, a peak relative permittivity of 18267 was observed. A further 
improvement in relative permittivity to 25702 is shown at the sintering temperature of 
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1100 oC. Little frequency dispersion was observed when PFN was sintered at 1050 oC 
and 1100 oC, suggesting the space charge effect has been greatly suppressed. 
However, too high a sintering temperature (1150 oC) leads to the reappearance of 
dielectric frequency dispersion, due to the loss of PbO that created A-site vacancies 
and space charges [6, 34].  
 
Fig. 3-14 (a-e) plots the dissipation factor as a function of temperature for the Mn-
doped PFN sintered at various temperatures. The PFN sintered at 950 oC exhibits an 
obvious frequency dispersion together with a high dissipation factor. With rising 
sintering temperature, the dissipation factor decreases significantly. At 1050 oC, it is 
below 0.04 over the temperature range of 20 oC to 125 oC when measured at 1 k Hz.  
At 1100 oC, a dissipation factor of 0.02 was measured at room temperature and the 
overall value was below 0.03. Further increase in sintering temperature to 1150 oC 
leads to an increase in dissipation factor. This is attributed to the loss of volatile lead 
oxide at too high a sintering temperature, which created Pb vacancies and therefore 
space charges, as in an agreement with our previous discussion [34].       
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Fig. 3-13. Relative permittivity as a function of temperature for PFN doped with 
0.3% MnO2 and derived from the Columbite precursor, when sintered at (a) 950 oC, 
(b) 1000 oC, (c) 1050 oC, (d) 1100 oC, and (e) 1150 oC, respectively.  
82 
Chapter 3: Sequential Combination Effects of starting materials in Pb(Fe1/2Nb1/2)O3  
 
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    













                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    














Chapter 3: Sequential Combination Effects of starting materials in Pb(Fe1/2Nb1/2)O3  
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    















                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    














 1  kHz
 10 kHz
84 
Chapter 3: Sequential Combination Effects of starting materials in Pb(Fe1/2Nb1/2)O3  
 
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    


























Fig. 3-14. Dissipation factor as a function of temperature for PFN doped with 
0.3% MnO2 derived from the Columbite precursor when sintered at (a) 950 oC, (b) 
1000 oC, (c) 1050 oC, (d) 1100 oC, and (e) 1150 oC, respectively.  
Dielectric behaviours of the PFN doped with 0.3% MnO2 are very much affected by 
the sintering temperature. Mn-doped PFN sintered at temperatures in the range of 
1000~1100 oC demonstrates a reduction in both frequency dispersion and dissipation 
factor, along with an increase in permittivity, while too high sintering temperature 
(1150 oC) leads to an increase in both parameters. The dielectric dispersion also shows 
a clear correlation with the DC resistivity [32]. As shown in Fig. 3-15, PFN doped 
with 0.3% MnO2 sintered at 950 oC exhibits a low resistivity of 2.4×108Ω·cm, while it 
increases sharply with increasing sintering temperature, up to 1100 oC, where it 
maximises at 3.4×1010Ω·cm. A further increase in sintering temperature, up to 1150 
oC, leads to a slight decrease in resistivity, due to the loss of volatile PbO. This 
 85
Chapter 3: Sequential Combination Effects of starting materials in Pb(Fe1/2Nb1/2)O3  
suggests that charge carriers in connection with Fe contamination from mechanical 
activation process can be compensated by Mn-doping.  
 
The observed resistivities of PFN were further supported by AC impedance studies, as 
shown by the Cole-Cole plots in Fig. 3-16.  Regardless of the sintering temperature, 
Mn-doped PFN exhibits a depressed semi-circle, which can be ascribed to the bulk 
resistance. Room temperature bulk resistivity of Mn-doped PFN sintered at 950 oC 
was measured to be ~108Ω·cm. The bulk resistivity increases sharply with the increase 
in sintering temperature from 9.4×107Ω·cm for PFN sintered at 950 oC to 
3.7×1010Ω·cm for that sintered at 1100 oC. As expected, it falls back with further 
increase in sintering temperature at above 1100 oC. 
 
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
















Fig. 3-15. Room temperature dc resistivity as a function of sintering temperature for 
PFN derived from Columbite precursor and doped with 0.3% MnO2  
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 Fig. 3-16. Room temperature impedance Cole-Cole plots for PFN doped with 
0.3% MnO2, derived from Columbite precursor and sintered at 950, 1050, 1100, 
and 1050 oC. The Cole-Cole plot of PFN sintered at 950 oC was enlarged and 
shown in the insert.  he above experimental results suggest that the Mn-doped PFN sintered at 950 oC 
xhibits a bulk resistivity comparable to that of undoped PFN. However, MnO2 affects 
he impedance at high sintering temperature of above 1050 oC, where Fe2+ is oxidised 
nto Fe3+, thus Fe2+/Fe3+ hopping is depressed. Further rise in sintering temperature to 
150 oC leads to the loss of volatile PbO, creating A-site vacancies and thus charge 
arries. Both relative permittivity and dissipation factor of PFN are strongly affected 
y sintering temperature. Improved dielectric properties were obtained in the PFN 
oped with 0.3 wt % MnO2 and sintered at 1100 oC, which demonstrates a peak 
elative permittivity of 25720, and a dissipation factor of <0.03. 
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3.4 Remarks 
Mechanical activation has been successfully applied to synthesize nanocrystlline PFN 
of perovskite structure, from both mixed oxides and Columbite precursor, respectively. 
The resulting PFN exhibits a crystallite size in the range of 5~15 nm, with an average 
particle size of 15-30 nm. Nanocrystalline PFN derived from mixed oxides is unstable 
against calcination at temperatures between 500 and 900 oC, and it undergoes partially 
decomposition into pyrochlore phases. In contrast, the nanocrystalline PFN phase 
derived from the Columbite precursor is stable against calcination temperature, and it 
remains as a single crystalline phase over the temperature of 500~900oC. The observed 
differences between PFN derived from the two different starting materials can be 
accounted for by the composition inhomogeneity in PFN derived from mixed oxides, 
as confirmed by the occurrence of ultrafine Fe2O3 crystallites by the studies using 
Raman spectroscopy, which indicated the occurrence of residual Fe2O3 in as-
synthesized PFN. In contrast, no such residual phase was found in the PFN derived 
from Columbite precursor. 
 
The composition inhomogeneity in PFN derived from mixed oxides has adversely 
effects on the sintering behavior and dielectric properties. A much improved sintered 
density of ~99% theoretical was observed for the PFN derived from Columbite 
precursor at a sintering temperature of 1050 oC, while the PFN derived from mixed 
oxides of PbO, Fe2O3 and Nb2O5 shows a low density of 93% theoretical. The PFN 
derived from mechanical activation of mixed oxides exhibits a peak relative 
permittivity of 15520 and dissipation factor of 0.584, when sintered at 1050 oC. An 
enhanced relative permittivity of 19377 and a dissipation factor of 0.482 were 
measured for the PFN derived from Columbite precursor.  
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 To further improve the dielectric properties of the PFN derived from mechanical 
activation, 0.3wt% MnO2 was introduced into the Columbite precursor. A maximum 
relative permittivity of 18267 and an overall dissipation factor of < 0.04 over the 
temperature range of 20 oC ~125 oC were resulted when the Mn-doped PFN was 
sintered at 1050 oC. The peak relative permittivity and overall dissipation factor are 
improved to 25702 and reduced to < 0.03, respectively, when sintered at 1100 oC. 
MnO2 suppresses the charge carries and enhances the resistivity of PFN in association 
with Fe contamination. Therefore, mechanical activation in combination with an 
appropriate amount of MnO2 dopant leads to much improved dielectric properties for 
PFN derived from mechanical activation. 
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4.1 Background 
Pb(Ni1/2W1/2)O3 (PNW) of complex perovskite structure is both an antiferroelectric 
and antiferromagnet, rendering it a  typical ferroelectromagnet [1]. Because of the 
coexistence of magnetic ordering and electrical polarization, it has attracted much 
attention not only from the view point of fundamental scientific research, but also 
from numerous technologically demanding applications [2]. In the ferroelectromagnet, 
the magnetic and electrical behaviors are coupled together, making it possible to alter 
the electrical properties by a magnetic field, and also to modify the magnetic order via 
an electric field through the coupling effects. On the other hand, PNW demonstrates a 
very broad dielectric peak [1], showing promising applications in multilayer devices, 
such as multiplayer capacitors satisfying the X7R specifications [3]. A further 
interesting aspect of PNW is its low sintering temperature, which is desirable for co-
firing [4], when low-cost electrodes, such as Ag-based electrodes, are employed, hence 
greatly reducing the production cost of multilayer devices [5]. However, PNW of 
perovskite structure is thermodynamically unstable. It is difficult to synthesize PNW 
via the conventional ceramic processing route, due to the occurrence of unwanted 
pyrochlore phases [1, 4]. Hot-pressing at a considerably high pressure is one of the 
very few techniques that can maintain the perovskite phase in PNW. Doping with 
certain thermodynamically stable perovskite phases has also been attempted, in order 
to stabilize the perovskite structure of PNW [6, 7].  
 
4.2 Purposes of study 
In the previous chapter, it was observed that mechanical activation could create a 
degree of compositional inhomogeneity in Pb(Fe1/2Nb1/2)O3 (PFN), causing an 
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undesirable degradation in dielectric behavior. Compositional inhomogeneity and co-
existence of two or more slightly different phases/structures are however desirable for 
realization of certain ferroelectric and piezoelectric behaviors. Compositions near the 
morphotropic phase boundaries in Pb(ZrxTi1-x)O3 (PZT), where both the dielectric and 
piezoelectric properties can be enhanced, are among the well-established examples [8, 
9]. The compensation effects by multiple phases/structures have also been shown to 
improve the temperature stability of ferroelectric and dielectric behaviors in both 
normal and relaxor ferroelectrics [10, 11].  
 
Given the compositional inhomogeneities observed in PFN, derived from mechanical 
activation, one of the aims of this chapter is to investigate the feasibility of forming a 
multi-phase structure in Pb(Ni1/2W1/2)O3-PbTiO3 (PNW-PT) by mechanical activation. 
Although mechanical activation may favor the formation of complex perovskites and 
suppress the occurrence of pyrochlore phases [12], it has not been previously 
attempted for PNW-PT. Therefore the objectives of this chapter are listed as follows: 
 
(i) to study the feasibility of synthesizing PNW of complex perovskite structure 
and multi-phase structure by mechanical activation with an appropriate level of 
PT doping; 
(ii) to investigate the unique temperature stability of dielectric behaviors of PNW-
PT, and to explore the effects of sintering temperature, post-sinter annealing, 
and composition on the dielectric properties; 
(iii) to tailor the dielectric properties of PNW-PT by mechanical activation in 
combination with thermal annealing, to meet certain technical requirements, 
e.g., X7R EIA specifications; 
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(iv) to further understand the origin of temperature stabilities of ferroelectric 
behaviour in PNW-PT. 
 
4.3 Results and Discussion 
 
4.3.1 Phase Formation of (1-x)PNW-xPT 
XRD diffraction patterns of the mixed oxides equivalent to the stoichiometric 
composition of PNW mechanically activated for different time periods, are shown in 
Fig. 4-1. At the initial 5 hours of mechanical activation, diffraction peaks of the 
starting oxides are broadened and diminished quickly. With increasing mechanical 
activation time, a broad hump at 2θ of ~29o is established, indicating formation of an 
amorphous phase. Further extending mechanical activation up to 15 hours enhances 
the amount of amorphous phase, and simultaneously gives rise to a well-defined peak 
at 2θ of ~27.2o. Upon 20 hours of mechanical activation, the peak at around 2θ of 
27.2o is enhanced, together with several newly formed peaks which are easily 
identifiable for PWO4 phase (PDF file No. 290784). This indicates that pyrochlore 
PWO4 phase is formed by mechanical activation.  
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  Fig. 4-1. XRD diffraction patterns of mixed oxides of NiO, WO3, and PbO, 
equivalent to stoichiometric composition of PNW, when subjected to mechanical 
activation for various time periods, indicating formation of PbWO4, instead of 
perovskite phase of PNW. PW: PbWO4; P: PbO; W:WO3; N: NiO.   
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To alter the structural stability of perovskite PNW, PT was added as a stabilization 
agent on the consideration that it exhibits a stable perovskite structure. XRD 
diffraction patterns of mixed oxides equivalent to (1-x)PNW-xPT in composition 
subjected to mechanical activation for 30 hours are shown in Fig. 4-2. They exhibit 
pyrochlore phases for the low PT compositions (<20%), while perovskite structure is 
established with considerable peak broadening for the compositions containing >20% 
PT. This confirms that mechanical activation can trigger the formation of 
nanocrystalline perovskite phase of (1-x)PNW-xPT, provided there is enough PT 
doping [13]. The experimental results also demonstrate that the perovskite phase 
cannot be formed by mechanical activation at <20% PT. Therefore the occurrence of 
perovskite (1-x)PNW-xPT is largely dependent on its structure stability. A high 
enough PT content (>20%) is needed to produce a single phase (1-x)PNW-xPT of 
perovskite structure. The perovskite phase (1-x)PNW-xPT exhibits a pseudocubic 
structure in the composition range of 20% to 70% PT, while a tetragonal structure is 
observed for compositions >80% PT. This structure evolution can be interpreted by the 

























                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    






















































































































Fig. 4-2. XRD traces of (1-x)PNW-xPT, derived from mechanical activation of 
mixed oxides for 30 hours. (C: Cubic structure, T: Tetragonal structure; PW: 
pyrochlore PbWO4)   
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Upon calcination at 800 oC, XRD diffraction peaks of (1-x)PNW-xPT are much 
sharpened, indicating a considerable growth in crystallinity as shown in Fig. 4-3. In 
the low PT compositions (PT<20%), pyrochlores are retained. With increasing PT 
content (20-50%), the amount of perovskite phase increases quickly, which occurs as 
the majority phase. A single perovskite phase is obtained for the compositions with 
>60% PT. (1-x)PNW-xPT is observed to be pseudocubic structure when the PT 
content is <40%, and it becomes a tetragonal structure when PT content is >50%. This 
transformation in structure is expected as the morphotropic phase boundary is at 
around 40 % of PT content in (1-x)PNW-xPT [4]. The phase transformation in 
calcined (1-x)PNW-xPT is apparently different from that in nanocrystalline (1-
x)PNW-xPT derived from mechanical activation, which shows the transition from 
tetragonal to pseudocubic phase at around 80% PT. The above discrepancy suggests 
that the pseudocubic structure in nanocrystalline (1-x)PNW-xPT is more stable than 
that in the calcined compositions, as a result of the large surface area and surface strain 
in the former.  
 
The lattice parameters of calcined (1-x)PNW-xPT as a function of PT content 
calculated on the basis of XRD diffractions is plotted in Fig. 4-4. At low PT content 
(<50% PT), (1-x)PNW-xPT shows a cubic structure, where the lattice parameter 
decreases slightly with increasing PT content. As PT content goes above 40%, it 
changes into a tetragonal structure. The lattice dimension along the c axis increases 
and that along the a-axis decreases with rising PT content. Therefore, a morphotropic-
like boundary, where the transformation from tetragonal to cubic structure occurs, 
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Fig. 4-3. XRD diffraction patterns of (1-x)PNW-xPT that were subjected to 
mechanical activation for 30 hours and then subsequently calcined at 800 oC for 
2 hours. C:  denotes cubic structure, T: tetragonal structure. 
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    





























































































































































































                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    




























Fig. 4-4. Lattice parameters of (1-x)PNW-xPT as a function of PT content, 
showing a transition from pseudocubic structure to tetragonal structure with 
rising PT content. aP: lattice parameter of pseudocubic phase; aT and cT: lattice 
parameters of tetragonal phase.     
To further examine the structure change of sintered (1-x)PNW-xPT, Raman 
spectroscopic studies were performed. As shown in Fig. 4-5, Raman spectrum of the 
as-sintered 0.8PNW-0.2PT exhibits a spectrum similar to that of Pb(Mg1/2W1/2)O3-
b(Mg1/3Nb2/3)O3 and Pb(Sc1/2Ta1/2)O3, which can be attributed to Fm3m space groups 
[16-19]. The broad band at the wavelength of approximately 230 cm-1 is due to the Eg 
ode, and the band at 745 cm-1 to A1g mode. The origins of 857 and 382 cm-1 can be 
traced to the B-site order in the complex perovskite structure, and they can be assigned 
o the F2g mode and A2g mode, respectively, similar to Pb(Mg1/3Nb2/3)O3-
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Pb(Mg1/2W1/2)O3 [17]. The Raman spectrum of PT demonstrated bands at around 141, 
214, 273, 433, 562, and 620 cm-1, which can be assigned to E(2TO), B1+E, A(2TO),  
E(2LO), A(3TO), E(3LO) excitations of tetragonal P4mm space group, respectively 
[20]. In (1-x)PNW-xPT, the compositions with low PT content (PT<40%) exhibit a 
pseuodocubic Fm3m space group. With increasing PT content (>40%), Raman bands 
of P4mm space groups begin to arise from the existing Fm3m bands. As a result, both 
P4mm and Fm3m coexist in (1-x)PNW-xPT over the wide composition range from 
40% to 90% PT content. This is different from what has been observed in XRD 
diffraction, where a rather discrete transformation from pseudocubic structure to 
tetragonal structure was observed. This discrepancy can be accounted for by the 
difference in sensitivity between these two analytical techniques, because Raman 
spectrometer can detect the structural features in nanocrystalline scales that are beyond 
the detectable range of XRD.  
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Fig. 4-5. Raman spectra of (1-x)PNW-xPT (x=0.2~1.0), showing the structure change 
from Fm3m to P4mm space group with rising PT content. : Fm3m; : P4mm. 
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4.3.2 Dielectric Properties  
Fig. 4-6 plots the relative permittivity as a function of temperature for sintered (1-
x)PNW-xPT (x=0.2~0.9) derived from mechanical activation at a test frequency of 10 
kHz. A distinct dielectric peak was observed in each composition, which is ascribed to 
the expected ferroelectric transition. The relative permittivity and Curie temperature 
increases monotonously with rising PT content for compositions with PT content 
>30%. The Curie temperature drops slightly with increasing PT content for the low PT 
compositions (PT <30%) (from –97 oC in 0.8PNW-0.2PT to –100 oC in 0.7PNW-
0.3PT). At PT content of <40%, the dielectric peak is much broadened and displays an 
obvious frequency dispersion behavior, indicating a diffusive phase transition, while 
the dielectric peak is much sharpened in the PT-rich compositions (PT>60%), 
implying a normal ferroelectric transition. In compositions with 0.4 and 0.5 PT 
content, an unexpected dielectric behaviors can be observed at temperatures below the 
dielectric maximum, where a rather stable dielectric behavior against temperature 
occurs.   
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Fig. 4-6. Relative permittivity as a function of temperature for (1-x)PNW-xPT 
with x=0.2-0.9, when tested at 10 kHz. 
To further understand the dielectric behaviours of (1-x)PNW-xPT, their reversal 
relative permittivities (1/εr) are plotted as a function of temperature in Fig. 4-7(a-d). 
The reversal relative permittivity of each composition exhibits a linear relationship 
with temperature at temperatures far above the temperature of dielectric maximum and 
it begins to deviate from the linearity when temperature approaches to the temperature 
of dielectric maximum. With increasing PT content, the deviation becomes less 
obvious. A clear linearity of the reversal relative permittivity was observed in the 
compositions with PT content >60%, indicating that the phase transformation of (1-
x)PNW-xPT changes from a relaxor to normal ferroelectrics by increasing PT content. 
The relaxor behaviour of (1-x)PNW-xPT was also examined by ln(1/εr-1/ ε m). vs. 
ln(T-Tm) (Fig. 4-8 (a-d)). For the low PT compositions, the relative permittivity can be 
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−=− ) fairly well; 
while the PT-rich compositions do not fit. This further supports the observation that a 
relaxor ferroelectric phase transition occurs in the compositions containing low PT 
(<60%), and a normal ferroelectric transition in high-PT compositions (>70%PT).  
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 Fig. 4-7. Reversal relative permittivity as a function of test temperature for (1
x)PNW-xPT: (a) x=0.2; (b) x=0.4; (c) x=0.6; (d) x=0.7. 107
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Fig. 4-8. ln(1/εr-1/ ε m). vs. ln(T-Tm) curves for (1-x)PNW-xPT: (a) x=0.2; (b) x=0.4; 
(c) x=0.6; (d) x=0.7. 
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Fig. 4-9 (a) plots the relative permittivity as a function of temperature for 0.8PNW-
0.2PT measured at various frequencies. It exhibits a rather broad dielectric peak 
together with an obvious frequency dispersion. It can also be fitted into the Smolenskii 
equation with a diffusive factor of 1.7, demonstrating the characteristic of a relaxor 
ferroelectric. For comparison, the relative permittivity of 0.3PNW-0.7PT as a function 
of temperature is plotted in Fig. 4-9 (b). A sharp dielectric peak with little frequency 
dispersion in peak permittivity temperature was observed, indicating a more or less 
normal ferroelectric transition, in an agreement with the discussions presented above.  
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Fig. 4-9. Relative permittivity and dissipation factor (tan(δ)) as a function of 
temperature for (a) 0.8PNW-0.2PT, and (b) 0.3PNW-0.7PT, respectively. 
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4.3.3 Magnetic Property  
To examine the magnetic behavior of (1-x)PNW-xPT derived from mechanical 
activation, its magnetization as a function of temperature was measured by VSM at a 
magnetic field of 1T. As shown in Fig. 4-10, 0.8PNW-0.2PT exhibits an obvious 
anomaly in magnetization at –192 oC, above which it falls smoothly with rising 
temperature, agreeing with the Neel law (C/T+TN). No magnetic hysteresis loop was 
observed in this composition, implying that it is an antiferromagnetic phase. It is a 
ferroelectromagnet [2], in which both electrical polarization and magnetic order 
coexist at low temperatures. In the compositions of high PT content, such an anomaly 
was not observed at above 78 K, implying that either their Neel temperatures is shifted 
to a lower temperature beyond the measurement range of this study, or they become 
paramagnetic phases. The observed antiferromagnetic behaviour of (1-x)PNW-xPT is 
closely related to the local magnetic momentums of Ni cation that contributes to the 
antiferromagnetic phase transition. Increasing PT dilutes the magnetic momentums, 

















                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    


























Fig. 4-10. Magnetization and the reversal as a function of temperature for 0.8PNW-
0.2PT, measured at a magnetic field of 1 T.  
 
4.3.4 Temperature Stability of Dielectric Behaviours 
As discussed previously, in certain (1-x)PNW-xPT compositions, the relative 
permittivity shows an unexpected temperature stability. For example, 0.5PNW-0.5PT 
and 0.6PNW-0.4PT demonstrate high temperature stabilities in relative permittivity 
below the maximum relative permittivity temperature (Fig. 4-6). To further understand 
this phenomenon, 0.55PNW-0.45PT was selected. The temperature dependences of 
relative permittivity and dissipation factor for 0.55PNW-0.45PT derived from 
mechanical activation over the temperature range of –190 oC to 160 oC are plotted in 
Fig. 4-11. A dielectric peak was observed at around 108 oC. Over the same 
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temperature range, a relatively low dissipation factor of <3% was measured at 1 kHz, 
although a hump appears at around 0 oC. Over the temperature range of -120 oC to 20 
oC, a considerably stable temperature dependence of relative permittivity is shown. 
Decreasing temperature leads to a steady decline in the relative permittivity at 
temperatures below -120 oC, together with a degree of frequency dispersion, which 
can be accounted for by the freezing behavior of dipole glass [14]. At the temperature 
of approximately -2 oC, a small anomaly in relative permittivity is also evident, and 
strong frequency dispersion is shown in both relative permittivity and dissipation 
factor. This behaviour can be attributed to a space charge effect [15]. Over the wide 
temperature range of -120 oC to 50 oC, the variation of relative permittivity is within + 
5%, and from –55 o to 125 oC the variation is within + 17% of the relative permittivity 
at 25 oC, which is very close to the EIA’s X7R specifications (∆C/C0<+15% over -
55~125oC, where C0 is the capacitance at 25oC, and ∆C is the variation of capacitance 
from C0) [3].  
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Fig. 4-11. Relative permittivity and dissipation factor as a function of temperature 
for 0.55PNW-0.45PT sintered at 970 oC: (a) over the temperature range of -55~160 
oC, and (b) over the temperature range of -110~-30 oC. 
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4.3.5 Effects of Sintering  
To further study this phenomenon, 0.55PNW-0.45PT was sintered at different 
temperatures. As shown in Fig. 4-12, 0.55PNW-0.45PT sintered at 850 oC exhibits a 
single broadened dielectric peak at around -80 oC, suggesting a single-phase transition. 
As the sintering temperature rises to 970 oC, a sharp dielectric peak at around 108 oC 
appears, and the dielectric peak at around –80 oC is depressed into a broad dielectric 
hump, giving rise to the temperature stability in dielectric behavior. Further increasing 
the sintering temperature to 1000 oC shifts the dielectric peak at the high temperature 
range upwards, and that at the low temperature range shifts downwards. This can be 
accounted for by the phase evolution in (1-x)PNW-xPT sintered at different 
temperatures. Phase transitions in 0.55PNW-0.45PT are greatly affected by the 
thermal history that changes the phase distributions. The temperature stability in 
dielectric behaviour of 0.55PNW-0.45PT can thus be attributed to the occurrence of 
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Temperature (oC)Fig. 4-12. Relative permittivity as a function of temperature for 0.55PNW-0.45PT 
sintered at various temperatures: (a) over the temperature range of -50~160oC, and (b) 
over the temperature range of -190~0 oC.  
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4.3.6  Effects of Post-Sinter Annealing 
To further examine the possible phase segregations, 0.55PNW-0.45PT sintered at 970 
oC was annealed at 800 oC for various time periods. There is a significant change in 
relative permittivity, when measured at 1 kHz upon annealing at 800 oC, as shown in 
Fig. 4-13. After annealing at 800 oC for 1 hour in air, the dielectric peak at ~108 oC 
was flattened dramatically. At the same time, the broad dielectric peak observed at the 
lower temperature arises and shifts upwards. Further extension in annealing duration 
(3 hours) causes a reduction in the intensity of high temperature dielectric peak, and 
an increase in low temperature dielectric hump. Upon 3 hours of annealing, the 
dielectric peak at ~108 oC has almost completely disappeared, while the low 
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Temperature(oC)Fig. 4-13. Relative permittivity as a function of temperature for 0.55PNW-0.45PT 
sintered at 970 oC and then annealed at 800 oC for various hours: (a) over the 
temperature range of -50~160 oC, and (b) over the temperature range of -190~50 
oC.   
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 4.3.7 Phase Segregation and Compositional Heterogeneity 
As discussed above, the temperature stability of dielectric behaviour is likely to be a 
result of the coexistence of more than one ferroelectric phase. To confirm the phase 
segregation phenomenon, several characterization techniques were employed, 
including XRD diffraction, Raman spectroscopic study, and EDX analyses. Firstly, 
XRD phase analyses were carried out in 0.55PNW-0.45PT sintered at 850 oC and 970 
oC, respectively, together with the one sintered at 970 oC and then annealed at 800 oC 
for 3 hours (Fig. 4-14). All the three ceramic bodies were shown to consist of a 
perovskite phase of pseudocubic structure. The (002) diffraction peak for the sample 
sintered at 970 oC is much broader than those of the other two. The peak broadening 
was further examined by a long scan XRD diffraction near 2θ of ~45o, which is also 
shown by the insert. Besides the main peak centered at around 2θ of 45.6o, two 
obvious shoulders can be identified. The sharp peak centered at around 2θ of 45.6o is 
attributed to the pseudocubic structure of (002) diffraction peak, while the two 
shoulders, one at 2θ of 45.2o and the other at 2θ of 46.0o, are due to the (200) and 
(002) peaks of tetragonal structure, respectively. For 0.55PNW-0.45PT sintered at 850 
oC, only one pseudocubic phase is shown. For the sample sintered at 970 oC and then 
annealed at 800 oC for 3 hours, the tetragonal peaks have almost disappeared, and the 
pseudocubic phase is the only phase detected, similar to the sample sintered at 850 oC. 
 
120
Chapter 4: Mechanical activation of Pb(Ni1/2W1/2)O3-PbTiO3  
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    

































                                                    
                                                    
                                                    
                                                    
                                                    















Fig. 4-14. XRD diffraction patterns of 0.55PNW-0.45PT: (a) sintered at 850 oC, (b) 
sintered at 970 oC, and (c) sintered at 970 oC and then annealed at 800 oC for 3 hours. 
The insert shows XRD diffractions at around 2θ of 45.5o with slow scan. Symbol C 
denotes the pesudocubic structure, T the tetragonal structure, and P the pyrochlore 
phase.    
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The phases present in 0.55PNW-0.45PT were further characterized by Raman 
spectroscopic studies (Fig. 4-15). As described earlier, Raman spectra of 0.55PNW-
0.45PT exhibit two sets of space group structure. The assignment of these two 
structures can be found in an earlier discussion (as refer to Fig. 4-5). The Raman bands 
at wavelengths of 53, 250, 389, 750, 857cm-1 can be assigned to the excitation modes 
of Fm3m space group, corresponding to a pseudocubic structure [16-19], while those 
bands at around 142, 214, 277, 433, 556, and 620 cm-1 can be attributed to a tetragonal 
P4mm space group [20]. There are also two sharp peaks observed at 901, and 927cm-1, 
which can be ascribed to the Raman modes from impunity phases. Raman spectrum of 
0.55PNW-0.45PT sintered at a low temperature (850 oC) dose not exhibit any strong 
tetragonal structure, which starts to develop at the sintering temperature of 970 oC. 
Upon annealing at 800 oC for 3 hours, the weak band centered at around 141cm-1 
belonging to the tetragonal phase has almost disappeared.  The intensities of other 
tetragonal Raman bands are also reduced, accordingly. Therefore, the Raman 
spectroscopic studies confirm the coexistence of tetragonal and pesudocubic phases in 
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Fig. 4-15. Raman spectra of 0.55PNW-0.45PT: (a) sintered at 850 oC, (b) 
sintered at 970 oC, and (c) sintered at 970 oC and then annealed at 800 oC for 3 
hours.  modes of tetragonal space group symmetry (P4mm);  modes of 
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 Fig. 4-16 (a-d) demonstrates the EDX elemental mappings on the polished surface of 
0.55PNW-0.45PT sintered at 970 oC.  They suggest that the distribution of Pb and Ni 
are largely homogeneous across different grains. However, this is not the case for Ti 
and W, as shown in Fig.4-16 (c) and (d), respectively. There is a considerable 
variation in distribution of Ti and W across different grains. In particular, the Ti-
deficient areas are enriched with W. Further elemental analyses at numerous positions 
on the polished surfaces of 0.55PNW-0.45PT confirmed that the variation of PT phase 
in PNW is in the range of 30% to 60%. It is therefore concluded that the above 
temperature stability in dielectric behaviour is due to the coexistence of one or more 












(d) Fig.4-16. SEM composition mappings on the polished surface of 0.55PNW-
0.45PT sintered at 970 oC: (a) Pb distribution map, (b) Ni distribution map, (c) W 
distribution map, and (d) Ti distribution map.    
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PT enriched PNW phases exhibit a tetragonal structure, while PT-deficient PNW 
shows a pseudocubic structure. Therefore, the former is responsible for the dielectric 
peak observed over the high temperature range, while the latter corresponds to the 
broad dielectric hump in the low temperature range of -100 to -50 oC. Sintering at 970 
oC results in an inhomogeneous distribution of PT and leads to the observed phase 
segregation and dielectric behaviour. Further increase the sintering temperature up to 
1000 oC enhances the phase segregation and shifts the high temperature dielectric peak 
upwards. Upon annealing at 800 oC for 3 hours, the PT-rich tetragonal phase has 
partially recombined with the low PT phase and transformed into the pseudocubic 
phase, resulting in a reduction in the intensity of high temperature dielectric peak. This 
indicates that the pseudocubic phase of 0.55PNW-0.45PT is stable at low sintering 
temperature, and becomes unstable with rising temperature, leading to the phase 
segregation.  
 
4.3.8 Effects of Composition   
 As mentioned above, a temperature stable dielectric behaviour occurs in the 
compositions close to 0.55PNW-0.45PT, which is near the morphotropic boundary. To 
explore whether such phenomenon can appear in other compositions, (1-x)PNW-xPT 
(x=35%~55%) were sintered at various temperatures. Their relative permittivities over 
the temperature range of –55 to 160 oC are shown in Fig. 4-17. At the low sintering 
temperature of 850 oC (Fig. 4-17 (a)), only one broad dielectric hump was observed in 
0.45PNW-0.55PT, indicating the absence of any substantial phase segregation. For the 
other compositions studied, the relative permittivity exhibits a decline with rising 
temperature, implying that they are also of a single-phase ferroelectric with a rather 
low Curie temperatures (<-55 oC).  As the sintering temperature rises to 920 oC (Fig. 
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4-17 (b)), a dielectric peak appears at ~50 oC for the compositions with PT >40%, 
below which a small anomaly can be identified at a similar temperature. These 
dielectric peaks and anomalies can be accounted for by the occurrence of a tetragonal 
phase. With increasing sintering temperatures (950 oC and then 1000 oC), both the 
peak and anomaly shift upwards (Fig. 4-17 (c,d)), agreeing with the previous 
observations (Fig. 4-12). The temperature stability of dielectric behaviour can be 
observed in the compositions containing 40~50% PT sintered at ~950 oC.  
 
The above composition effect in (1-x)PNW-xPT can be explained by the phase 
segregation as confirmed by the Raman spectroscopic studies of 0.55PNW-0.45PT. 
The dielectric peaks observed at high temperatures are related to the PT-rich tetragonal 
phase, while the low temperature dielectric hump and declines can be assigned to the 
phase transition of the PT-deficient pseudocubic phase. In (1-x)PNW-xPT, the PT-rich 
compositions (>50%PT) contain a high concentration of tetragonal phase, leading to a 
strong dielectric peak at 50-150 oC. In compositions with low PT content (<40%), the 
pseudocubic phase becomes the dominant phase, resulting in a decrease in peak 
intensity at low temperatures (<-50 oC), along with a small anomaly at the high 
temperatures (>50 oC). In the compositions containing 40~50% PT, there occur 
comparable amounts of tetragonal and pseudocubic phases, leading to the observed 
temperature stable dielectric behaviours.  
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Fig. 4-17. Relative permittivity as a function of temperature for (1-x)PNW-xPT 
near the composition x=0.45 sintered at (a) 850 oC, (b) 920 oC, (c) 950 oC, (d) 
1000 oC.  
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4.3.9 Development of Temperature Stable Dielectrics 
The temperature stability of dielectric properties in (1-x)PNW-xPT can be adjusted by 
sintering and annealing conditions. Fig. 4-18 plots the relative permittivity and 
dissipation factor as a function of temperature for 0.55PNW-0.45PT sintered at 960 oC 
and annealed at 800 oC for 2 hours. The dielectric peak is located at 102 oC, and its 
peak intensity is greatly weakened by thermal annealing. As a consequence, the 
variation in relative permittivity from that at 25 oC (2008) is within 15% over the 
temperature range of –55~140 oC, meeting the X7R specifications. At ~0 oC, 
0.55PNW-0.45PT exhibits a small dielectric peak with obvious frequency dispersion 
in dissipation factor, which is ascribed to space charge effects [15]. The overall 
dissipation factor is limited to within 2.5% and little frequency dispersion was 
observed in the relative permittivity. The observed temperature stability in relative 
permittivity, low dissipation factor, and little frequency dispersion, as well as low 
firing temperature, are the desirable features for a number of applications.  
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Fig.4-18. Relative permittivity and dissipation factor of 0.55PNW-0.45PT sintered 
at 960 oC then annealed at 800 oC for 2 hours. Dash lines specify + 15% variation 
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4.4 Remarks 
Nanocrystalline (1-x)PNW-xPT of perovskite structure with composition x ranging 
from 0.2 to 1.0 were successfully synthesized by mechanical activation of constitution 
oxides at room temperature. Phase analysis using XRD diffraction of sintered (1-
x)PNW-xPT confirmed the change from a pseudocubic structure to a tetragonal 
structure with increasing PT content. (1-x)PNW-xPT of low PT content exhibits a 
relaxor behavior, while high PT content leads to a normal ferroelectric phase 
transition. 0.8PNW-0.2PT also demonstrates an anomaly in magnetic susceptibility at 
around 80 K, due to the antiferromagnetic phase transition.  
 
More interestingly, the compositions containing >40%PT display a unique temperature 
stability in dielectric behaviour, when sintered at temperatures above 850 oC. The 
dielectric behaviour of 0.55PNW-0.45PT is close to the EIA X7R specifications. The 
unique temperature stability in relative permittivity over the temperature range from -
120 to 20 oC arises from the compositional inhomogeneity, where there occurs a 
variation in PT distribution in PNW leading to coexistence of PT-rich tetragonal and 
PT-deficient pseudocubic phases, as confirmed by Raman spectroscopic studies and 
XRD diffractions.  
 
Accordingly, dielectric behaviour of (1-x)PNW-xPT can be fine-tuned by an 
appropriate combination of sintering temperature, PT content, and post-sintering 
annealing. This can create a redistribution of PT-rich tetragonal and PT-deficient 
pseudocubic phases. 0.55PNW-0.45PT meets X7R dielectric specifications when 
sintered at 960 oC and annealed at 800 oC for 2 hours. It exhibits a relative permittivity 
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of ~2000 at room temperature, with <15% variation in relative permittivity over the 
temperature range of –55 ~140 oC. 
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5.1  Background 
The studies detailed in previous chapters demonstrated that a degree of compositional 
inhomogeneity occurs in PbO-based relaxor ferroelectrics derived from mechanical 
activation. The resulting composition inhomogeneity plays an important role in 
affecting the thermal stability and electrical properties of the complex perovskites. B-
site cation order in these complex perovskites, is related to the composition 
homogeneity. It is therefore of interest to investigate whether mechanical activation 
can trigger the transformation of B-site order in the complex perovskites.  
 
 Indeed, B-site order in complex perovskites has been widely studied for the past two 
decades, because of its importance to the relaxor behaviors and electrical properties. 
Its formation mechanisms were investigated in the early 1960s, when Galasso [1] 
classified the complex perovskites into several groups and described their 
corresponding structure orders. Setter and Cross [2] ascribed the driving force for B-
site order into the several factors, including the differences in cation size and  cation 
charge, crystal structure, A site cation, and B-site cation ratio. Other parameters such 
as the ionicity of cations and electrostatic energy were also considered. Sophisticated 
theoretical approaches, such as the semi-empirical model, mean field approach, eight 
point cluster variation model, Monte-Carlo simulation, and first principal calculation, 
have also been attempted [9-14]. 
  
The effects of B-site order on the electrical properties and relaxor behaviors of Pb-
based complex perovskites have also bee addressed. According to Randall et al 
[15,16], those compounds having short coherence order with domain size of 2~100 nm 
exhibit a relaxor behavior, e.g., Pb(Mg1/3Nb2/3)O3, Pb(Zn1/3Nb2/3)O3, while those with 
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a long-range ordered domain (>100nm) or disorder structure (<2nm) show a normal 
ferroelectric or antiferroelectric behavior, examples of which include Pb(Fe1/2Nb1/2)O3, 
Pb(Zn1/2Ta1/2)O3, and Pb(Mg1/2W1/2)O3. Pb(Sc1/2Ta1/2)O3 (PST) is an interesting 
example, in which the normal ferroelectric behavior is shown in the ordered state, 
while a normal to relaxor ferroelectric transition behavior is demonstrated by the 
highly disordered PST [2].  
 
Because of the apparent effects of B-site order on the electrical properties of PbO-
based relaxor ferroelectrics, several studies have been made to modify the B-site order. 
For this, several techniques have been attempted, including adjustments in 
composition and thermal annealing schedules. For example, the structure order in 
Pb(Mg2/3Nb1/3)O3-Pb(Mg12/W1/2)O3 can be adjusted by varying the PMN/PMW ratio 
[5]. Introduction of A site vacancies in PMN by partially replacing Pb2+ with La3+ can 
also enhance the 1:1 type of B-site order [17-19]. The degree of B-site order has also 
been tailored by thermal annealing [2]. For example, PST of varying degree of 
structure order can be obtained by quenching from a temperature at above 1500 oC, 
followed by thermal annealing at relatively low temperatures leading to enhancement 
in structure order [2]. Indeed, thermal annealing has widely been employed to vary and 
investigate the relationships between B-site order and electrical properties of relaxor 
ferroelectrics [6,7, 22,23].      
 
5.2 Purposes of Study 
In spite of the extensive studies in tailoring the B-site order in complex perovskites, no 
investigation have been made into the effects of mechanical activation on B-site order. 
Our studies using HRTEM showed that the perovskite phase triggered by mechanical 
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activation consisted of nanocrystallites of defect structure dispersed in an amorphous 
matrix. As discussed earlier, phase formation of the naocrystalline perovskites 
involves an equilibrium between the building up and destruction of nanocrystallites 
brought about by mechanical activation. Ordered domains are closely associated with 
crystallite domains in the nanometer scale, therefore it is of interest to study how 
mechanical activation can affect the structural order in PbO-based relaxors, while the 
study can also provide some useful information on the phase formation of complex 
perovskites triggered by mechanical activation. 
 
As mentioned above, B-site order in (1-x)Pb(Mg1/3Nb2/3)O3-xPb(Mg1/2W1/2)O3 ((1-
x)PMN-xPMW) can be adjusted by the PMN/PMW ratio. This system is therefore 
chosen for studying the order-disorder transformation triggered by mechanical 
activation in this chapter. The objectives of study in this chapter are: 
 
(i) to investigate the feasibility of triggering B-site order-disorder transformation by   
mechanical activation in (1-x)PMN-xPMW; 
(ii) to study whether the order-disorder transformation triggered by mechanical 
activation can be recovered by thermal activation; 
(iii) to investigate the dielectric properties of (1-x)PMN-xPMW with varying degree 
of B-site order derived from mechanical activation. 
 
5. 3 Results and Discussion 
5.3.1 Order-disorder  Examined by XRD  
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Among the (1-x)PMN-xPMW solid solutions, 0.4PMN-0.6PMW is a typical 
composition exhibiting B-site order, which was chosen for studying the order-disorder 
transition triggered by mechanical activation. Phase evolution of 0.4PMN-0.6PMW as 
a function of mechanical activation time is shown in Fig.5-1.  As shown by the XRD 
diffraction pattern in Fig.5-1 (a), it exhibits a strong B-site order in the initial 
unactivated state, as indicated by the (111) superlattice diffractions at 2θ of 19.4o. The 
superlattice diffraction peak decreases in intensity with increasing mechanical 
activation time. It undergoes a significant peak broadening at the initial hour of 
mechanical activation and then fall fast in peak intensity with further increase in 
mechanical activation time. In contrast, the relatively intensity of the (200) principal 
diffraction remains relatively strong, although it undergoes some extent of peak 
broadening. This also implies that the disordering is associated with the refinement in 
crystallite and ordered domain sizes. The superlattice diffraction peak of (111) at 2θ of 
19.4o has completely disappeared from XRD trace upon 5 hours of mechanical 
activation. As expected, a steady recovery of order in 0.4PMN-0.6PMW was observed 
when the mechanically activated compositions were thermally annealed at increasing 
temperature as shown in Fig.5-1 (b). The apparent order starts to appear at around 700 
oC and the recovery is largely completed at 900 oC.  
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 Fig. 5-1. XRD traces of 0.4PMN-0.6PMW (a) subjected to various time periods of 
mechanical activation, and (b) subsequently calcined at various temperatures. S represents 
the (111) supperlattice diffraction peak indicating the B-site order, and F the principal 
diffraction peaks of perovskite structure.    
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5.3.2 Evolution of Crystalline and Domain Size 
Crystallite size and ordered domain sizes in 0.4PMN-0.6PMW, as a function of 
mechanical activation time and thermal annealing temperature, were calculated using 
Scherrer equation as shown in Fig.5-2 (a, b). Both the domain size and crystallite size 
decrease dramatically at the initial hour of mechanical activation, followed by a fall in 
decrease rate when mechanical activation is extended to more than 2.0 hours. The 
calculated crystallite size and ordered domain size demonstrate a similar rate in size 
refinement at both the initial and late stages of mechanical activation. This shows that 
the refinement in crystallite and ordered domain sizes take place simultaneously at the 
initial stage of mechanical activation, and the order-disorder transition occur when the 
crystalline size was refined enough. Fig.5-2 (b) plots the crystallite and ordered 
domain sizes as a function of annealing temperature for the composition subjected to a 
prior 20 hours of mechanical activation. Both the crystallite and domain sizes increase 
sharply over the temperature range of 600 oC to 800 oC. Little further change was 
observed at above 800 oC, where both the crystallite and ordered domain sizes have 
more or less been recovered to those in the unactivated state.   
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 Fig. 5-2. Calculated crystallite size and B-site ordered domain size for 0.4PMN-
0.6PMW (a) as a function of mechanical activation hour, and (b) as a function of
subsequent calcination temperature.  
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The refinement in crystallite size brought about by mechanical activation is supported 
by the studies using high resolution transmission electron microscopy. Fig.5-3 is a 
bright field HRTEM micrograph for 0.4PMN-0.6PMW that was subjected to 
mechanical activation for 20 hours. Nanocrystallites of perovskite structure of 5 to 15 




 Fig. 5-3. A HRTEM image of 0.4PMN-0.6PMW subjected to mechanical activation
for 20 hours. 142
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5.3.3 Evolution of Order Examined by Raman Spectroscopy 
Evolution of B-site order in 0.4PMN-0.6PMW brought about by mechanical activation 
and thermal activation were also examined by Raman spectroscopic studies as 
illustrated in Fig.5-4. The Raman spectrum of 0.4PMN-0.6PMW is close to those of 
PMN and PMW. In PMW, Raman bands at around 278 and 496 cm-1 can be attributed 
to the E mode or second order modes, and those at around 384, 841cm-1 can be 
ascribed to F2u and A1g, respectively, which are caused by the B-site order and 
therefore can be used as an indicator for the degree of B-site order [25, 26]. Although 
the origin Raman spectra in PMN is still the subject of debate and discussions, it is 
commonly accepted that PMN belongs to Fm3m group. Its high frequency band at 
around 786cm-1 is attributed to A1g mode, and the other bands are related to 
Eg+T1u+T2u modes [27, 28]. By comparing the observed Raman spectra with those of 
PMN and PMW, the space groups of 0.4PMN-0.6PMW can also be determined to be 
the Fm3m group, where the Raman bands centered at 384 cm-1 and 841 cm-1 are 
related to the structure order [28].  
 
Change in the band intensity as a function of mechanical activation time is shown in 
Fig 5-4 (a). The bands centered at 384 cm-1 clearly demonstrate that the degree of 
order decreases with increase mechanical activation time. There is an apparent shift of 
band at 786cm-1 towards the one at 841cm-1, which undergoes a substantial degree of 
band broadening, with increasing mechanical activation time. This is in agreement 
with what has been indicated by XRD. However, the Raman band at 384cm-1 cannot 
be eliminated by extension of mechanical activation. Instead, its intensity decreases 
dramatically at the initial hour of mechanical activation and further extension in 
mechanical activation leads to little change in the bandwidth and intensity. A similarly 
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weak Raman band at around 384 cm-1 was reported by Reaney et al [29] and Randall 
et al [30], in disordered PST quenched from elevated temperatures, where the ordered 
domains below 3nm were observed in TEM dark field image and however they were 
too small to be detected by XRD diffraction, due to broadening of the superlattice 
peaks. The broadened Raman peak at around 384cm-1 suggests that there exist tiny 
ordered microdomains, which are out of the XRD detectable range, in the 
mechanically activated 0.4PMN-0.6PMW compositions. Fig.5-4 (b) shows the Raman 
spectra of mechanically activated 0.4PMN-0.6PMW, when subjected to thermal 
annealing at increasing temperatures, where the band intensity at around 384 cm-1 
increases with increasing temperature. The split of the bands at 786cm-1 and 841cm-1 
becomes apparent when the annealing temperature is raised to 600 oC, owing to the 
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 Fig. 5-4. Raman spectra of 0.4PMN-0.6PMW (a) subjected to various time periods
of mechanical activation, and (b) calcined at different temperatures.  
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In order to present a quantitative analysis of the relative intensity for the Raman bands 
related to order-disorder transition, those bands enveloping at around 200-500 and 
600-900cm-1 in the Raman spectrum of 0.4PMN-0.6PMW were fitted with the 
Gaussian function as shown in Fig.5-5. The band envelopes were deconvolved into 
four bands centered at 278, 384, 786 and 841 cm-1, and their corresponding relative 
intensities were expressed as I278, I384, I786, and I841, respectively. The relative intensity 
ratios of I384/I278, I841/I786 for 0.4PMN-0.6PMW subjected to various hours of 
mechanical activation and thermal annealing at various temperatures are shown in 
Fig.5-6 (a,b). I384/I278 and I841/I786 ratios decrease dramatically with increasing 
mechanical activation time from 1 hour to 5 hours, due to the fall in the degree of B-
site order at the initial stage of mechanical activation. Further extension in mechanical 
activation time leads to little change in the two intensity ratios. Upon thermal 
annealing at increasing temperature, as expected, I841/I786 and I384/I278 increase sharply 
at temperatures above 600 oC. 
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Wavenumber (cm-1)Fig. 5-5. Raman spectrum of 0.4PMN-0.6PMW subjected to 20 hours of mechanical 
activation and followed by a calcination at 900 oC for 2 hours, showing the 
deconvolution with superimposed Gaussian functions, (a) 200-450 cm-1 group of 
bands;  (b) the 700-950 cm-1 group of bands.   
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Fig. 5-6. The intensity ratios of I384/I278, I841/I786, of 0.4PMN-0.6PMW, as a function 
of (a) mechanical activation time, and (b) calcination temperature. I384, I278, I786, I841 
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5.3.4  Composition Effect on Order-disorder Transformation 
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    


























































Fig.5-7 shows the XRD diffraction patterns of (1-x)PMN-xPMW calcined at 900 oC 
for 2 hours, each exhibiting a well-established perovskite structure. In addition to the 
principle peaks of perovskite structure, B-site order occurs, as indicated by the 
superlattice (111), (311), (331), and (511) peaks marked by “S”, which appears to be 
composition dependent. The superlattice diffraction peaks appear in the compositions 
containing >0.2 PMW, and their intensities increase with rising PMW content in 

















 Fig. 5-7. XRD patterns of (1-x)PMN-xPMW synthesized by mechanical activation for 
20 hours and subsequently calcined at 900 oC for 2 hours, showing that they are of a 
single perovskite phase. S represents the supperlattice diffraction peaks, and F the 
principal diffraction peaks of perovskite structure.    
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Raman spectra of (1-x)PMN-xPMW, as a function of composition, are shown in Fig.5-
8. PMW exhibits Fm3m group modes, which are similar to those of PST [25, 26]. The 
band at around 384cm-1 indicating that B-site order appears in the compositions 
containing >0.2 PMW, and its intensity increases with increasing PMW content. With 
increasing PMW content in PMN, the band at around 786cm-1 disappears gradually, 
and at the same time, the band centered at 841cm-1 arises and increases in intensity due 
to B-site order. This is in agreement with what has been observed in XRD diffraction. 
  
 
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
















































 Fig. 5-8. Raman spectra of (1-x)PMN-xPMW showing the dependence of band
intensities centered at 384cm-1 and 841cm-1 on the content of PMW in PMN.  
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In order to examine the compositional effect on the order-disorder transformation in 
(1-x)PMN-xPMW triggered by mechanical activation, (1-x)PMN-xPMW were 
subjected to 20 hours of mechanical activation and then examined by both XRD 
diffraction and Raman spectroscopy (Fig.5-9). Similar to what has been observed in 
0.4PMN-0.6PMW, mechanical activation can greatly reduce the degree of B-site order 
in (1-x)PMN-xPMW at the initial 10 hours. Further extension of activation time leads 
to little change in the degree of structure order. XRD diffraction analysis shows that 
the superlattice peak at 2θ of around 19o disappears in the compositions containing 
<0.8 PMW (Fig.5-9 (a)). In pure PMW, structural order is retained regardless of 
mechanical activation time. The increase in the degree of structural order with 
increasing PMW content is also confirmed by the Raman spectroscopic studies. B-site 
order, represented by the Raman band at around 384 cm-1 is seen to occur in the 
compositions containing >0.4 PMW. Apparently, Raman spectrometer can detect 
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Fig. 5-9.  (a) XRD diffraction patterns, and (b) Raman spectra, of (1-x)PMN-xPMW subjected 
to 20 hours of mechanical activation. S represents the (111) supperlattice diffraction peak 
from B-site order, and F the principal diffraction peaks of perovskite structure.   
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The composition dependence of B-site order for the unactivated and mechanically 
activated (1-x)PMN-xPMW, represented by Raman intensity ratio (I384/I278) and XRD 
I111/I200, is shown in Fig.5-10. For comparison purposes, these intensity ratios were 
normalized by the intensity ratios of unactivated PMW. For the unactivated 
compositions, both I111/I200 and I384/I287 increase with increasing level of PMW doping 
in PMN. Upon mechanical activation for 20 hours the degree of order is dramatically 
reduced. B-site order can be detected in the compositions contenting 0.8 PMW and 
above in the mechanically activated compositions, as shown by the I111/I200. The 
intensity ratios of Raman spectra are much stronger than that of XRD, by which B-site 
order is shown in the composition containing 40% PMW. Again this discrepancy can 
be ascribed to the low sensitivity of XRD in detecting ordered domains at nanometer 
scale.  
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Fig. 5-10. Normalized intensity ratio I111/I200 of XRD and I384/I287 of Raman band
as a function of PMW content in (1-x)PMN-xPMW.    
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5.3.5 B-Site Order by Mechanical Activation 
The order-disorder transformation in (1-x)PMN-xPMW, as triggered by mechanical 
activation, is a rather complicated process, which can be affected by several structure 
and composition parameters. From the experimental observations presented above, it 
is apparent that the order-disorder transition is composition dependent. Mechanical 
activation degrades superlattice order in (1-x)PMN-xPMW, while the subsequent 
thermal annealing can restore the order. The disordered structure triggered by 
mechanical activation takes place simultaneously with the refinement in crystallite size 
at the initial stage of mechanical activation, apparently as a result of the fragmentation 
of crystallites. The process is thus similar to what has been report for FeAl alloys [31], 
where the shear-induced glides caused the dwindling of ordered domains and thermal 
diffusion recovers the order. Although the shear-induced glides may not occur in many 
oxide-based ceramic materials at room temperature, they can occur in number of 
ceramic materials, including BaTiO3 of perovskite structure and La1-xSrxMnO3, at 
elevated temperatures [32-33]. This is especially so, when the crystallite size is refined 
to nanometer scales, where the surface-related structure can dominate both the 
thermodynamic and kinetic processes. As has been clearly illustrated by the Raman 
spectra shown in Fig.5-4, where micro-domains of structure order exists in 
mechanically activated 0.4PMN-0.6PMW, which are not eliminated by up to 20 hours 
of mechanical activation. The repeated mechanical impact and shearing during 
mechanical activation break the crystallites and ordered domains of (1-x)PMN-
xPMW, which are shown by the broadening of principal peaks in both XRD and 
Raman spectra. On the other hand, the in-situ temperatures at collision points, which 
are in the range of 400 to 500 oC [34], contribute to the recovery of superlattice 
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ordering. As a result, the competition between mechanical activation and thermal 
diffusion leads to a steady state of structure order. 
 
The competition between mechanical activation and thermal activation was further 
supported by the compositional dependence of B-site order upon 20 hours of 
mechanical activation in (1-x)PMN-xPMW (Fig.5-9). Mechanical activation reduces 
the degree of B-site order in (1-x)PMN-xPMW, and leads to a specific degree of 
structure order in each composition. As there is a larger cation charge difference in 
PMW than in PMN, which promotes the structural order through thermal diffusion 
during mechanical activation, an increase in PMW content can thus lead to a high 
degree of B-site order. The observed preservation of micro-domains of order in the 
mechanically activated (1-x)PMN-xPMW is a result of the equilibrium between the 
mechanical destruction and the recovery of B-site order in association with the in-situ 
temperature at the collision points.   
 
5.3.6  Dielectric Properties  
Dielectric properties of (1-x)PMN-xPMW derived from mechanical activation and 
sintered at 1000-1100 oC are strongly affected by composition. Their relative dielectric 
permittivities as a function of temperature at three different frequencies are shown in 
Fig.5-11. Each composition exhibits an apparent dielectric maximum in the range of 
160~330K. The relative permittivity falls significantly with increasing PMW content 
in PMN. An obvious peak broadening and frequency dispersion in relative permittivity 
were observed in the compositions containing <0.8 PMW, suggesting they are of 
relaxors. With increasing PMW content, the frequency dispersion and peak broadening 
become less obvious, and a rather sharp dielectric peak with little dielectric dispersion 
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was found in the compositions containing >0.8 PMW, suggesting the disappearance of 
relaxor behavior. As reported previously, PMW is an antiferroelectric [5]. The above 
change from a relaxor to normal antiferroelectric transformation can be accounted for 
by the long range order in PMW, as suggested by Randall et al [15, 16]. The maximum 
relative permittivity temperature (Tmax) of (1-x)PMN-xPMW exhibits a decrease with 
rising PMW content up to 60 mol%, where Tmax reaches the lowest point, and then it 
increases monotonously with further increasing PMW content, in an agreement with a 
previous report [5]. The drop in Tmax in (1-x)PMN-xPMW is due to the coexistence of 
ferroelectric coupling and antiferroelectric coupling, which competes with each other, 
leading to a reduction in the ferroelectric/antiferroelectric phase transition temperature.  
 
 
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    








                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    


















































Fig. 5-11. Relative permittivity as a function of temperature for (1-x)PMN-xPMW 
measured at three different frequencies. The insert for PMN.  
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5.4 Remarks 
B-site order-disorder transformation in (1-x)PMN-xPMW can be triggered by 
mechanical activation. As exemplified by 0.4PMN-0.6PMW, the degree of structure 
order decreases sharply with increasing mechanical activation time, and then 
disappears with prolonged mechanical activation, up to 10 hours, as shown by XRD 
diffraction. Thermal activation recovers the B-site order, thereby the degree of order 
increases with rising calcinations temperature. A complete order is recovered at 900 
oC. The evolution of structure order is accompanied by changes in crystallite and 
domain sizes. A refinement in both ordered domain size and crystallite size occurs 
simultaneously at the initial stage of mechanical activation, before they become more 
or less stabilized with prolonged mechanical activation. Calcination at rising 
temperature increases both the domain and crystallite sizes.  
 
Raman studies demonstrate a similar order-disorder transformation in (1-x)PMN-
xPMW by mechanical activation and thermal annealing. They further show that B-site 
ordered domains in 0.4PMN-0.6PMW cannot be completely eliminated by mechanical 
activation, although XRD suggests the otherwise. These discrepancies can be 
accounted for by the deference in resolution between the two characterization 
techniques, when nano-sized ordered domains are beyond the XRD detection range. 
The recovery of ordered domains by thermal activation suggests a competition 
between mechanical activation that destroys the ordered domains, and thermal 
activation that builds up the ordered domains. 
 
The order-disorder transformation in (1-x)PMN-xPMW triggered by mechanical 
activation demonstrates an apparent composition dependence. B-site order in (1-
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x)PMN-xPMW increases with increasing PMW content. The dielectric properties of 
sintered (1-x)PMN-xPMW derived from mechanical activation are also strongly 
affected by composition. A transition from relaxor to normal ferroelectric-
/antiferroelectric was observed with increasing PMW content, which can be correlated 
to the change in structure order in these (1-x)PMN-xPMW compositions.  
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6.1 Background  
Pb(Sc1/2Ta1/2)O3(PST) has been intensively investigated over the past two decades, as 
an  ideal system for studying the B-site order and the effects on electrical properties of 
complex perovskites. Disordered PST can be obtained by quenching from a high 
temperature (e.g., 1500 oC), and the order can be recovered by further annealing at 
relatively low temperatures [1-5]. The degree of order in PST strongly affects its 
ferroelectric and dielectric behaviors. 
 
B-site order in PST can be measured using X-ray diffraction, where the order can be 
identified by the supperlattice (111) diffraction peak, and the degree of 1:1 type of 
order can be calculated by comparing the intensity ratio of the superlattice (111) 
diffraction with that of the fundamental (200) diffraction [4]. Previous investigations 
demonstrated that B-site order can also been examined by using infrared reflectivity, 
Raman spectra, and electron diffractions of TEM [6-9]. For example, Harmer et al [9] 
studied B-site order in PST using TEM, and confirmed the existence of B-site order by 
the electron diffraction of (111) plane. TEM investigations also revealed that the 
ordered domains are separated by antiphase boundaries (APBs), which are observed in 
both ordered and partially ordered PST in dark field TEM images [10]. The detailed 
structures of ordered domains were shown using HRTEM, which further confirmed 
that in partially ordered PST, some disordered domains are dispersed within the 
ordered domains, and the ordered domains are also dispersed in disordered regions 
[11, 12]. In addition to the (111) superlattice diffraction, other superlattice spots, such 
as (1/2,1/2,0) and (1/2, 0,0) plots related to dipole displacements of the ferroelectric 
phase, were also detected [10]. By careful examination, the (1/2, 1/2, 0) spot was 
found to be surrounded by some satellite spots, which were ascribed to an 
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incommensurate structure phase within the ferroelectric domains [13]. A 
discommensurate to commensurate phase transition was observed, which was 
associated with the B-site order.  
 
Electrical properties of PST with various degree of B-site order were further 
investigated by Stengerand and Buggraaf [1-3], and Setter and Cross [4,5], who 
revealed that there was a strong correlation between the degree of structural order and 
physical properties [1-5, 14,15]. In those early years, it was believed that disordered 
PST was a relaxor with diffusive phase transition at around -3 oC, while the fully 
ordered PST showed a normal ferroelectric transition at 27 oC. Later investigations 
however indicated that the relaxor behaviors observed in disordered PST is partially 
caused by Pb vacancies, brought about by evaporation of PbO at the high sintering 
temperatures [16-18]. Excess PbO were then added to PST to compensate for the lead 
loss, and the resulting PST exhibits a relaxor to normal ferroelectric transition (R-nFE) 
[17]. Disordered PST also shows a glassy like dielectric relaxor behavior, as can be 
fitted to the Vogel-Fulcher relationship [16]. Applying a bias field reduces the 
frequency dispersion behavior of PST and changes the R-nFE transition into a normal 
ferroelectric transition [18]. 
 
6.2 Purposes of Study                        
In the previous chapter, an order-disorder transformation triggered by mechanical 
activation (MA) in Pb(Mg1/3M2/3)O3-Pb(Mg1/2Nb1/2)O3 (PMN-PMW) was observed. 
Since B site order plays an important role in determining the properties of PST, it is 
thus of interest to investigate the feasibility of triggering order-disorder transformation 
in PST by mechanical activation. This is followed by a study on whether the structural 
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disorder in the fine PST particles can be retained in sintered PST. If so, a designed 
degree of B-site disorder can thus be obtained by an appropriate combination of 
mechanical activation and subsequent sintering. The objectives of this chapter are:  
 
(i) to investigate the effects of mechanical activation on the B-site order-disorder 
transformation in PST of complex perovskite structure; 
(ii) to study the thermal stability of disordered PST structure as derived from 
mechanical activation and to explore the feasibility of tailoring the degree of B-
site order in sintered PST by pre-sinter mechanical activation;  
(iii) to investigate the effects of pre-sinter mechanical activation on the dielectric 
properties of sintered PST;   
(iv) to study how the sintering temperature affects the ferroelectric behaviors of 
disordered PST as derived from mechanical activation. 
 
6.3  Results and Discussion 
 
6.3.1 Mechanical Activation Induced Order-Disorder 
Transformation  
Fig. 6-1 (a) shows XRD traces of PST powders derived from the Wolframite route that 
was subjected to various hours of mechanical activation [19]. The cubic structure of 
PST is clearly indicated by the diffraction peak at 2θ of 21.7o for the (002) plane, 
while the peak at 2θ of 18.8o for (111) superlattice indicates the degree of B-site order. 
With increasing mechanical activation time, the superlattice peak demonstrates a 
decreasing intensity and it has almost completely disappeared upon mechanical 
activation for 4 hours. At the same time, there is an apparent peak broadening and a 
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falling in peak intensity with the cubic (002) peak, implying an expected refinement in 
both crystallite and ordered domain sizes. The order-disorder transformation triggered 
by mechanical activation is also clearly reflected in the Raman spectra shown in Fig. 
6-1 (b). The bands at around 60, 358, 832cm-1, which are assigned to F2g(1), F2g(2), 
and A1g, respectively, belong to the Fm3m space group [7]. In particular, F2g(2) peak is 
originated from the B-site order and can be used to represent the degree of B-site 
order. As illustrated in Fig. 6-1 (b), F2g(2) diminishes quickly in band intensity with 
increasing mechanical activation time and it has almost completely disappeared upon 
10 hours of mechanical activation. This is consistent with what has been observed in 
X-ray diffraction measurement.  
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2θ(Degree)Fig. 6-1. (a) XRD traces, and (b) Raman spectra of PST subjected to various hours 
of mechanical activation. S: (111) superlattice diffraction originted from B-site 
order, and F: the fundamental diffraction (002) peak; T: Raman F2g(2) band 
indicating the B-site cation order.  
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6.3.2 Retention of Disorder in Sintered PST 
An interesting phenomenon is shown in Fig. 6-2 (a), where the B-site disorder created 
by mechanical activation cannot be eliminated by sintering at 1200 oC for 4 hours, 
although there is a notable build-up in the structure order as indicated by the peak 
intensity at 2θ of 18.8o of (111) superlattice. The B-site disorder retained in sintered 
PST was also confirmed by Raman spectra as shown in Fig. 6-2 (b), where the relative 
intensity of F2g(2) decreases with increasing mechanical activation time, although it is 
not completely eliminated.  
 
This is very much different from the order-disorder transformation in 
Pb(Mg1/3Nb2/3)O3-Pb(Mg1/2W1/2)O3 triggered by mechanical activation, where the B-
site order can easily be recovered by annealing at 900 oC [18]. In PST sintered at 1200 
oC, the degree of B-site order is strongly affected by the duration of mechanical 
activation prior to sintering at high temperature. The unexpected retention of B-site 
disorder triggered by mechanical activation prior to sintering in PST creates an 
excellent opportunity for synthesizing PST with a designed degree of B-site disorder 
for specific ferroelectric and dielectric behaviors, by an appropriate combination of 
mechanical activation and subsequent sintering at appropriate temperature.  
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Fig. 6-2. (a) XRD traces and (b) Raman spectra for PST subjected to various hours 
of mechanical activation and subsequently sintering at 1200oC for 4 hours. S: (111) 
superlattice diffraction indicating B-site cation order, and F: the fundamental (002) 
diffraction peak; T: Raman F2g(2) band indicating the B-site cation order. 
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Fig. 6-3 shows the degree of long-range order (LRO) in sintered PST, as calculated on 
the basis of peak intensity of (200) plane and that of superlattice (111), using equation 
(2-1). B-site order disappears fast at the initial few hours of mechanical activation and 
a completely disordered structure is resulted upon 10 hours of mechanical activation, 




                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    














Fig. 6-3. Long-range order (LRO) in PST sintered at 1200 oC for 4 hours as a function 
of pre-sinter mechanical activation time.  
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6.3.3  Dielectric Properties 
B-site disorder retained in sintered PST has a dramatic effect on its dielectric 
properties. Fig. 6-4 plots the relative permittivity as a function of temperature for PST 
subjected to various durations of mechanical activation prior to sintering at 1200 oC. 
As expected, PST without any mechanical activation prior to sintering exhibits a 
dielectric peak at 20 oC with little frequency dispersion, corresponding to an ordered 
B-site structure, as confirmed by both X-ray diffraction and Raman spectroscopy 
studies. One hour of mechanical activation prior to sintering leads to a shift in the 
dielectric peak towards low temperatures, together with a notable frequency 
dispersion. With increasing mechanical activation time, an apparent enhancement in 
frequency dispersion is observed, and at the same time, there is a sharp rise in the peak 
relative permittivity. The enhanced frequency dispersion and broadened dielectric 
peak brought about by mechanical activation demonstrate a relaxor behavior in 
association with the structure disorder in PST. Relaxor to normal ferroelectric (R-nFE) 
phase transition is also observed in PST derived from the intermediate stage of 
mechanical activation, as indicated by the onset of a sharp drop in relative permittivity 
at temperatures of ~10 oC with decreasing temperature. At the same time, mechanical 
activation shifts the R-nFE (Td) temperature downwards, and changes the temperature 
of maximum relative permittivities upwards, in association with a decreasing degree of 
B-site order. This is in disagreement with what has been suggested in a previous study, 
where the Curie temperature of PST derived from conventional ceramic route 
increases with increasing degree of order [3]. The Curie temperature of sintered PST 
in this work shifts upwards to high temperatures with increasing degree of disorder. 
This discrepancy can be accounted for by the serious PbO loss in PST derived from 
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the conventional route by sintering at a high temperature following by a low 
temperature annealing [3,14].  
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Fig. 6-4. Relative permittivity of PST derived from mechanical activation and 
subsequently sintered at 1200 oC for 4 hours. Relative permittivity varies with the 
mechanical activation time. The number indicated for each curve denotes the 
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To further explore the variation in phase transition behavior brought about by 
mechanical activation in sintered PST, the reversal of relative permittivity is plotted in 
Fig. 6-5 (a), as a function of temperature. The more or less linear relationship above 
the Curie temperature for PST without any mechanical activation prior to sintering 
suggests that it is a normal ferroelectric or antiferroelectric. An apparent deviation 
from the linear relationship is observed for those PST samples subjected to various 
hours of mechanical activation prior to sintering. Furthermore, the degree of deviation 
increases with increasing mechanical activation time, apparently due to the build up of 
B-site disorder as a result of mechanical activation. The B-site disorder in sintered 
PST is also illustrated by the plot of ln(1/ε -1/εm)ּ vs ּln(T-Tm), as shown in Fig. 6-5 
(b), where ε, εm, Tm denote the relative permittivity, peak relative permittivity, and 
peak dielectric temperature, respectively. As expected, PST without mechanical 
activation and those subjected to a short mechanical activation time prior to sintering 
do not exhibit a linear relationship in the plot. With increasing mechanical activation 
time (i.e. for >6 hours), they demonstrate a typical relaxor ferroelectric at above the 




where δ is the relaxor factor describing the extent of relaxor behavior. 
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Fig. 6-5. (a) Reversal relative permittivity as a function of temperature, and (b) 
)11ln(
mr εε −
ּvs ּln(T-Tm) plots, for PST derived from mechanical activation and 
then sintered at 1200 oC.  
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The thermal hysteresis of dielectric behavior for the disordered PST derived from 20 
hours of mechanical activation is shown in Fig. 6-6. On heating-up, it shows an relaxor 
to ferroelectric phase transition (R-nFE) at Td of around 10.2 oC, together with a 
relaxor phase transition with the maximum dielectric peak at around 30 oC. On 
cooling, it also shows an R-nFE transition at Td of around 4.6 and a relatively low 
dielectric maximum at around 31oC. As a result, a dielectric hysterisis loop is 
established over the temperature range of 6-10 oC, indicating that the observed R-nFE 
phase transition is a first order phase transition.  The relaxor to paraelectric phase 
transition is close to a second order transition, where little difference in dielectric 
maximum temperature is shown.    
Fig. 6-6. Relative permittivity as a function of heating and cooling temperature 
for PST derived from 20 hours of mechanical activation and then sintered at 
1200 oC. 
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6.3.4 Post-sinter Thermal Annealing 
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    


















As discussed above, B-site cation disorder triggered by mechanical activation can be 
retained in sintered PST, which is different from PMN-PMW, where thermal 
annealing can easily eliminate the structure disorder. To further examine the stability 
of structure disorder triggered by mechanical activation, sintered PST derived from 10 
hours of mechanical activation was further annealed at 1000 oC for 10 hours. As 
shown in Fig. 6-7, the superlattice diffraction peak in XRD diffraction pattern 
reappears after annealing, although it is not fully recovered, indicating a slow recovery 

















Fig. 6-7. XRD diffraction pattern of PST derived from mechanical activation and 
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The observed slow recovery in B-site order suggests a low thermal exchange rate of B-
site cations in PST, which is governed by the exchange energy between the two 
nearest neighbor cations. As proposed by Cross and other investigators  [4-6], several 
parameters can affect the driving force for structure order, including the charge 
difference, cation radius difference among B-site cations, size of the A site cation, 
ratio among the B-site cations, and crystal structure. Among them, charge difference 
has long been considered as the primary driving force for formation of B-site order. 
For example, PMW with large valence difference in B-site cations promises a strong 
tendency towards an ordered structure, while PST carrying a relatively smaller valence 
difference shows a weak driving force. Therefore, the low stability of structure 
disorder in PMN-PMW triggered by mechanical activation is due to the strong driving 
force towards B-site order, which is responsible for fast thermal exchange rate. On the 
contrary, the thermal exchange rate in PST is relatively low, and thus a much longer 
annealing time at 1000 oC is required to eliminate the structure disorder initially 
introduced by mechanical activation [3,4].  
 
Fig. 6-8 shows the relative permittivity for the annealed and unannealed PST detailed 
in Fig. 6-7, as a function of temperature. After annealing, the temperature of maximum 
relative permittivity shifts towards a slightly lower temperature. As expected, the peak 
broadening and relaxor behavior become less obvious, as a consequence of the 
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Fig. 6-8. Relative permittivity as a function of temperature for PST derived from 
mechanical activation before and after annealing at 1000 oC, following sintering 
at 1200 oC.  
 
6.3.5 Sintering Behaviors and Microstructures 
Sintered density is an important parameter that affects the dielectric properties of 
relaxor ferroelectrics. Fig. 6-9 shows the sintered density for PST subjected to various 
hours of mechanical activation and then sintered at 1200 oC for 4 hours. Mechanical 
activation significantly enhances the sintering behavior of PST. The sintered density of 
PST increases monotonously with rising mechanical activation time. A sintered 
density of 93.1 % theoretical was achieved for PST subjected 20 hours of pre-sinter 
mechanical activation, compared favorably with 83.5% theoretical for PST without 
any mechanical activation. This enhancement in sinterability of PST by mechanical 
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activation can be attributed to the refinements in particle sizes and creation of stored 
energy in defects, which increase the specific surface area and therefore the sintering 
reactivity, leading to an obvious improvement in sintered density. 
 
 
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    































Fig. 6-9. Sintered density of PST as a function of pre-sinter mechanical activation 
time.   
As shown in Fig. 6-10 (a-f), the unactivated PST exhibits an average grain size of ~1.5 
µm, together with intergranular pores. With increasing temperature, there is an 
apparent increase in grain size. An average grain size of 1.3, 1.7, 3.0, 3.5µm was 
measured for PST mechanically activated for 2, 6, 10, 20 hours, respectively, prior to 
sintering at 1200 oC. At the same time, both the population and size of intergranular 
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pores decrease with rising mechanical activation time, in association with an increase 
in sintered density.  
 
The dielectric properties of PST were very much affected by sintered density and 
microstructure. For example, when the particle size is refined into a nanometer scale, it 
can strongly affect the phase transition and ferroelectric properties of PST [20]. 
However, in sintered PST, the grain size is far beyond the nanoscale range. Therefore, 
the relaxor behavior in association with mechanical activation, are not due to the 
particle size effect. Although the enhancement in sintered density can much improve 
the relative permittivity of PST derived from mechanical activation, it cannot change 
the relaxor behavior. This therefore supports the belief that the relaxor behavior is due 
to the disorder structure brought about by mechanical activation.    
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durations and then sintered at 1200 
g. 6-10. Fracture surfaces for PST subjected to different pre-sinter mechanical activation 
oC for 4 hours: (a) 0 hour; (b) 2 hours; (c) 4 hours; (d) 
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6.3.6 Grain Size Effects 
For relaxors, grain size can strongly affect their dielectric behaviors. To realize PST of 
different grain sizes, the nano-sized PST powder derived from 20 hours of mechanical 
activation was pressed into pellets and sintered at various temperatures in the range of 
950 oC to 1200 oC. Fig. 6-11 shows the fracture surfaces of PST sintered at 950~1200 
oC for 1 hour. At the low sintering temperature of 950 oC, it consists of nanosized 
grains of around 120 nm. With increasing sintering temperature, PST shows an 
increase in grain size. The average grain size sintered at 1000 oC and 1100 oC are 
measured to be 140 nm and 510 nm, respectively. Further increasing sintering 













Fig. 6-11. Fracture surfaces of PST subjected to 20 hours of mechanical activation and 
subsequent sintering at various temperatures for 1 hour: (a) 950 oC; (b) 1000 oC; (c) 1100 
oC; (d) 1200 oC.  
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 Fig. 6-12 plots the relative permittivity as a function of temperature for PST sintered 
at temperatures in the range of 950 oC to 1200 oC. When sintered at 1200 oC, the 
dielectric behavior of PST shows a typical R-nFE phase transition, similar to that in 
Fig. 6-4. As the sintering temperature decreases to 1100 oC, the dielectric behavior 
changes significantly. The sharp drop in relative permittivity at around 9.4 oC 
corresponding to the R-nFE phase transition has disappeared, and the dielectric peak at 
around 34 oC is broadened and shifts downwards to 29 oC. Further lowering the 
sintering temperature depresses the dielectric peak and shifts it downwards. For 
example, the peak dielectric temperature of PST sintered at 1000 oC has changed to 17 
oC, while that sintered at 950 oC shifted to a lower temperature of 15 oC. The PST 
sintered below 1100 oC shows a complete relaxor ferroelectric transition instead of the 
R-nFE phase transition, which can be accounted for by the structure disorder or size 
refinement effect. Further experiments revealed that such a transformation from R-nFE 
to relaxor also occurs in partially ordered PST, when grain size is small enough (~110 


























                                                    
                                                    
                                                    
                                                    
                                                    
                                                    






























Fig. 6-12. Relative permittivity as a function of temperature for PST derived from 
mechanical activation for 20 hours and subsequently sintered at 950 oC, 1000 oC, 
1100 oC, and 1200 oC, respectively.  
 
 
As discussed above, PST of disordered structure derived from mechanical activation is 
very much different from those synthesized by conventional sintering and post-sinter 
annealing in several aspects. Firstly, the dielectric maximum of PST derived from 
mechanical activation occurs at a higher temperature than that of PST derived from the 
conventional ceramic processing. The former exhibits a much higher degree of 
structure disorder than the latter, as shown by Raman peak at around 358 cm-1.  
Secondly, mechanical activation can greatly improve the sintered density of PST at a 
relatively low sintering temperature. The amount of PbO loss for PST derived from 
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mechanical activation is much lower than that of PST derived from the conventional 
sintering at high temperature followed by a long annealing.  
6.4 Remarks 
Mechanical activation triggers B-site order to disorder transformation in PST derived 
from the Wolframite precursor. Unlike PMN-PMW, the structure disorder triggered by 
mechanical activation in PST is rather stable against thermal activation at high 
sintering temperature, e.g., at 1200 oC for 4 hours. This is related to the slow thermal 
exchange rates of B-site cations in PST. Accordingly, mechanical activation can be 
utilized to tailor the degree of B-site order in PST, and therefore the dielectric 
properties, by an appropriate combination of pre-sinter mechanical activation and 
subsequent sintering.  
 
PST without any pre-sinter mechanical activation demonstrates a normal ferroelectric 
transition at the Cuire temperature of 20 oC, while those PST derived from mechanical 
activation exhibit a relaxor behavior with R-nFE transition phase transition at around 
10 oC, where the temperature of dielectric maximum shifts upwards with increasing 
pre-sinter mechanical activation time. Their heating and cooling curves show a 
thermal hysterisis in relative permittivity at around the R-nFE temperature, suggesting 
a first order phase transition. In addition, mechanical activation significantly enhances 
the sintered density, and improves the dielectric properties of PST.  
 
Using the nanocrystalline PST phase derived from mechanical activation, sintered PST 
with refined grain sizes in the range of 120 nm to 3 µm were realized by sintering at 
temperatures in the range of 950 oC to 1200 oC. This allows for a study on the 
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dielectric behavior brought about by size refinement. The R-nFE phase transition 
disappears when the grain size is refined to ~0.51 µm. Further reduction in grain size 
depresses the dielectric peak and shifts the Curie temperature downwards.  
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7.1 Background  
In previously chapters, B-site order disorder transformations triggered by mechanical 
activation in Pb(Mg1/3Nb2/3)O3-Pb(Mg1/2W1/2)O3 (PMN-PMW) and Pb(Sc1/2Ta1/2)O3 
(PST) have been experimentally investigated, casting new lights on the B-site disorder 
behavior and also the effects of mechanical activation on the ferroelectric properties of 
complex perovskites. It is therefore of great interest to understand these phenomena 
from a different prospect. 
 
In comparison to the experimental approaches, modeling and simulation of mechanical 
activation are still in the early stage of development, due to the complexity involved 
[1]. Although there are existing thermodynamic models describing the deformation, 
coalescence, fracture, and dynamics involved in mechanical activation, most of them 
are still rather primary. Few studies have been done in providing a detailed description 
and explanation on how mechanical activation triggers the order to disorder 
transformation [1-7]. Recently, a Monte-Carlo simulation approach was adopted to 
study mixing of two metal elements by mechanical activation, which deepens the 
understandings on how mechanical activation induces interface roughing and 
formation of intermetallic compounds from the immiscible metallic elements [8,9].  
 
On the other hand, the formation mechanisms of B-site order have been extensively 
studied in the past two decades. Several semi-empirical theoretical approaches have 
been attempted, by considering the effects of differences in charge valence and ionic 
radius [10-13]. Electronegative and ionisation potentials were also suggested as the 
main driving forces for order formation [13]. More sophisticated theoretical 
approaches, such as the macroscopic/microscopic approaches and first principle 
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calculations, have also been taken to study the structural order. For example, Zhang et 
al. [14] calculated the B-site order in Pb(B'1/2B"1/2)O3-type perovskites, based on the 
Bragg-Willianms (random mixing) approximation, by considering the Coulomb 
interactions of the  nearest neighbours of B-site cations. This approach can well 
account for the order-disorder transformations in some of the above systems. Further 
studies by Jang and Kim using a similar model [15] suggested the existence of short-
range orders. By calculating the long range Coulomb interactions among cations, 
Bellaiche and Vanderbilt [16] proposed a Monte-Carlo simulation algorithm, which 
can explain the B-site order behaviour in Ba(B'1/3B"2/3)O3-BaZrO3 type solid solutions. 
Using a cluster variation method (CVM), Gui et al. [17] established the stabilities of 
1/2{111}, 1/2{110}, and 1/2{100}-type order in A(B'xB"1-x)O3 compounds. Liu et al 
[18] studied the formation condition of 1:2 type order in A(B'xB"1-x)O3, and 
investigated the order behaviours in Ba(B'1/3B"2/3)O3-PbTiO3 solid solutions. More 
recently, first principle calculations have also been employed to investigate the 
formation mechanism and stabilities of 1:1 and 1:2 types of B-site order in 
Ba(B'1/3B"2/3)O3 and Pb(B'1/3B"2/3)O3 compounds [19, 20].  
 
7.2 Purposes of Study 
As detailed in previous chapters, order-disorder transformation can be triggered by 
mechanical activation, leading to the conclusion that there occurs a competition 
between mechanical activation, which degrades the B-site order in complex 
perovskites, and thermal activation that recovers the order. As a result of the 
competition, various degrees of structural order can occur in complex perovskites. 
However, a detailed account on exactly how mechanical activation competes with 
thermal activation in creating B-site disorder is far from being understood.  
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The candidate has developed a Monte-Carlo simulation procedure for the order-
disorder transformation in complex perovskites, which was detailed in ref [21]. While 
the simulation is not the main objective of this project, a simplified Monte-Carlo 
simulation is presented in this chapter, with the following scopes: 
  
(i) to establish a simulation model that can account for the order-disorder 
transformations in complex perovskites triggered by mechanical activation;  
(ii) to formulate a Monte-Carlo approach for the evolution of B-site order in 
complex perovskites arising from mechanical activation;  
(iii) to further understand the kinetics involved in mechanical activation, which 
competes with thermal activation in inducing B-site disorder in complex 
perovskites. 
 
7.3 Simulation Procedures 
 
7.3.1 B-site Order in Complex Perovskites 
Previous studies on the B-site order-disorder transformation in A(B'B")O3 complex 
perovskites suggest that the dominating driving force is electrostatic interaction [14-
16]. Following these studies, only the Coulomb interactions of B cations with their 
surrounding ions are considered [16]. As detailed in ref. [21], the Hamiltonian for the 
























where, ε0 is the 
dielectric constant of vacuum, εr the relative dielectric constant, and e the elemental 
 190
Chapter 7: Monte-Carlo Simulation of Order-Disorder Transformation 
electric charge unit; qiA, qiOτ, qiB are the electric charges of A-, O- (τ denotes the three 
different oxygen sites in a unit cell), and B-site cations in the i-th lattice site, 
respectively; rijAB, rijBOτ, and rijBB are the distances between A and B cations, B cation 
and oxygen, and B cations in the i-th lattice site and the j-th lattice site, respectively.  
In equation (7-1), qiA=qA and qiOτ=qO, are constant in value and qiB takes different 
values at the different lattice sites. Because the complex perovskites studied in this 
work exhibit similar cation sizes but obvious different charges in B-site cations, the 
contribution of the differences in valence towards the interaction energy is considered 
to be a dominating factor, therefore the variation in cation distance (e.g., rijAB, rijBOτ, 
rijBB) caused by different types of B cations can be neglected [16]. Thus, the only 
variable is qiB. If qiB is set as iBiB qqq ∆+= , where Bq  is an average B-site charge 
value, which is also an invariant, ∆qi is the fluctuation of B-site charge at i-th lattice 
site, and its average value iq∆ is zero, to satisfy the charge neutrality. For example, in 
Pb(Sc1/2Ta1/2)O3, qA, qO, Bq  are +2, -2, +4, respectively; iq∆ is –1 if Sc is in the i-th 
site,  else if Ta is in the i-th site is +1. The Hamiltonian can then be written as: iq∆











<επε ,    (7-2)  
where  H0 is an invariant term given by: 








qqH 0 ,           (7-3)  






















τ τεπε ∑ ,  (7-4) 
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Because the lattice is periodical, the values of the terms inside the above parentheses 
are independent of i, thus H1 vanishes since ∑∆
i
iq  equals to zero. By approximation, 
only the interactions among nearest neighbours are considered. Equation (7-2) can 
thus be simplified into an Ising-type antiferromagnetic Hamiltonian, given below: 





~ +H0,            (7-5) 
where J is the interaction constant between the B-site cations, and equals to 
e2/(4πε0εra0), and a0 is the distance between two nearest neighbours of B-site cations; 
<ij> denotes that the sum is over only if i and j are the nearest neighbours; H0 is a 
constant and independent of the distribution of iq∆ .   
 
The long-range order refers to the ordered structure (coordination relationship) where 
order occurs in both the cation’s short-distance neighbors and the long-distance 
neighbors. In a three-dimensional simple cubic system, the lattice site can then be 
described by the lattice indices (h, m, l), where h, m, l, present the lattice indices along 
a, b, c axes of the lattice cell. The lattice can also be divided into 2 sublattices: lattice 
A, where h+m+l is an even number, and lattice B, where the h+m+l is an odd value. In 
an ordered structure, A-sites are occupied by B', and B-sites are occupied by B''. In a 
disordered structure, A-sites and B-sites are randomly occupied by B' and B'' cations. 





−= ,             (7-6) 
where n, n0  and nr represent the number of B' ions in sublattice A, i.e. the number of 
sites carrying positive q∆  in sublattice A, in a partially ordered, a completely ordered, 
and a completely disordered state, respectively. When NA+, NA-, NB-, NB+ are used to 
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represent the numbers of sites occupied by positive q∆ in sublattice A, negative in 
sublattice A, negative  in sublattice B, and positive 
q∆
q∆ q∆  in sublattice B, 
respectively, in a simple cubic lattice of size of N3, the following equations are 
satisfied: n=NA+=NB-; NA-=NB+=N3/2-NA+; nr=N3/4; n0=N3/2. Therefore, one can 
obtain:  







NN BBAAA −+−++ +−−=− ,                 (7-7) 
In the A(B'1/2B"1/2)O3-type complex perovskites (for simplicity, only those with ∆q=±1 
are considered), the long-range order (LRO) of charge can be calculated by: 
         






Short-range order (SRO) refers to the ordered structure (coordination relationship) 
where order occurs in a cation’s short-distance neighbors, but not in the long-distance 
neighbors. It can be described by content of B'-B'' pairs, as given by [15]:   








Where, nn0, nnr, nn are the numbers of B'-B" pair in a full order, full disorder and 
partial order lattices, respectively, as given by:   
















)( (7-10. b) 




randomhmlijkr qq (7-10. c) 
Thus, the short-range order can be calculated by:                                                 
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Thermal diffusion of the B-site cations is achieved by jumping of B-site vacancies 
[22,23], where the jumping probability of vacancy can be written as:  
 
(7-12) 







where ν is the atomic vibration frequency, Es is the migration energy of vacancy 
representing the energy barrier for the jumping vacancy, k is Boltzmann constant, and 
T is temperature, and ∆Eif represents the difference between B-site interaction energies 
before and after the jumping of vacancy, which can be calculated by equation (7-5).  
 
7.3.2 Mechanical Activation 
For simplicity, we only consider B-site order-disorder transformation triggered by 
mechanical activation, and ignore other types of phase transformation or chemical 
reactions. Mechanical activation is considered to result in shear-induced glides of the 
crystal. The intensity of mechanical activation is qualitatively given by the shear 
frequency (γshear s-1). Following Bellon and Anverback [9], the time between two shear 
events is chosen randomly as to reproduce an average shear frequency. Because of the 
periodical boundary condition, the shearing effects are introduced in pairs. One of the 
three <100> planes is randomly chosen, and the vectors of shift are also randomly 
selected among the 4 directions along the connections of nearest neighbors in the 
selected (100) planes. The first and the last plane to be shifted are also randomly 
chosen. During simulation of a shearing event, all the sites between selected <100> 
planes shift for a single lattice site along the given direction.   
 
The model is however still difficult to give a direct comparison between what can be 
observed experimentally and what can be envisaged by simulation. For example, 
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vacancy concentration, effect of plastic deformation, and migration energy of 
vacancies are difficult to estimate. However, it still can give a qualitative account on 
how the order-disorder transformation takes place, and how the ordered domain size 
changes and the relationship between them. In this study, a three dimensional cubic 
structure with =+1 or –1 was selected. 1:1 order occurs when positive and 
negative  arrange in an alternative way. As a result, the charge balance can always 
be satisfied, since the amount of positive charge equals to that of the negative charge 




7.3.3 Simulation Algorithms 
In order to give a comparison between the simulation result and a real system, a 
residence-time algorithm is used to follow the real time evolution of states [9,22]. It 
considers the exchange of vacancies with their nearest neighbors of B-site atoms. To 
avoid the “agglomeration” among vacancies, only one vacancy was introduced, by 
following Vives and Planes' method [23]. As a result, the concentration of vacancy 
varies with lattice size. It is then renormalized by setting 
3N
ν  as a constant, resulting in 
a constant preexponential diffusion coefficiency (D0). 
 
For simplification, εr is set as a constant, and J also becomes a constant. One can also 
set 109 s-1 for 3N
ν  corresponding to D0 of ~10-2 m2s-1. Mechanical activation intensity 
is quantified by a shear parameter γ, which is defined as the ratio of shearing 
frequency to the normalized atomic vibration frequency(γ=γshear/(ν /N3)). Temperature 
used in this simulation is a reduced temperature kT/J, and vacancy migration energy is 
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also a reduced energy Es/J. The parameters used in this simulation are summarized in 
Table 7-1.  
TABLE 7-1. Parameters for simulation in this study 
 
∆q kT/J γ N ν /N3(s-1) Es/J 
+1 0.5~6 10-5~106 12-64 109 15~25 
 
The simulation in this work was carried out, by following a standard metropolis 
algorithm. In the initial stage, the system is considered as a fully ordered state, in 
which any two nearest neighbours carry different electrical charges, except one 
vacancy with zero charge. For the thermal diffusion, one of the 6 nearest neighbours of 
vacancy is randomly chosen, and the hopping probability of vacancy is calculated 
according to the equation (7-12). Following the Metropolis algorithm [24,25], the 
states are updated and the simulation is scaled with Monte-Carlo steps (mcs). The 
average mcs between two shearing events is defined by the ratio of jumping frequency 
and shearing parameter, given as: 




ντ =     (7-13) 
For each simulation state, the first 100000 steps are discarded, and the LRO and SRO 
are obtained by averaging the next 100000-200000 mcs. 
 
7.4 Results and discussion 
 
7.4.1 Order-disorder Transformation 
 
The temperature dependences of LRO and SRO of unactivated complex perovskites 
from Monte-Carlo simulation are shown in Fig 7-1. Both LRO and SRO exhibit an 
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order-disorder transition at the temperature kT/J of 4.4, which is defined by the 
maximum of the first derivation of LRO. This behavior and the transition temperature 
are in good agreement with the well-accepted value of Ising-type antiferromagnetic 
transition point of 4.5, and the macroscopic approach of Jang, et al (transition 
temperature kT/J = 4.9) [15].  
 
 
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    




































Fig. 7-1. Temperature dependence of long-range order (LRO), short-range order 
(SRO), and derivation of LRO, for unactivated A(B'1/2B"1/2)O3, showing an 
order-disorder transition at temperature kT/J of ~4.4.  
 
Fig. 7-2 shows the long-range order as a function of temperature for the mechanically 
activated A(B'1/2B"1/2)O3 simulated at various lattice sizes. Similar to the unactivated 
A(B'1/2B"1/2)O3, an order-disorder transition at temperature kT/J of ~4.4 is observed. 
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With decreasing temperature, the effect of mechanical activation becomes significant, 
and the degree of order decreases with decreasing temperature depending on the lattice 
size, giving rise to a new order to disorder transformation at relatively low 
temperatures. At the same time, the resulting long-range order also changes as the 
increasing lattice size (N), showing some extent of finite size effect. It was 
experimentally observed that the shearing during the mechanical activation refines the 
large crystals first, and the order-disorder transformation occurs with the nanosized 
crystallites of 7-15 nm, as indicated by the XRD results. Simulation is therefore 
carried out using relatively small lattice sizes, giving an account for the experimentally 
observed phenomena. 
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    













Fig.7-2. LRO as a function of temperature for mechanically activated 
A(B'1/2B"1/2)O3 at various lattice sizes of N. The intensity of mechanical activation 
of γ is 100, and the vacancy migration energy Es/J is 20. 
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7.4.2 Evolution of Order by Mechanical Activation  
Fig.7-3 shows the time evolution of long-range order for N = 30. At kT/J =2.0, from an 
initially ordered state, LRO decreases steadily at first 900 mcs, and then becomes more 
or less stabilized. While from an initially disordered state, LRO increases first and is 
then stabilized at a similar value as that of the initially ordered state, which agrees with 
the statistic results of Fig. 7-2. At a relatively low temperature (kT/J =1.7), LRO drops 
sharply from an initially ordered state and then disappears. This is comparable to what 
has been observed experimentally, and is also in agreement with the macroscopic 
approach for FeAl alloys [8]. It appears that the simulation is more applicable to the 
late stage of mechanical activation (e.g., after 4 hours of mechanical activation), where 
the crystallite size is small enough. 
 
 
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    






 From ordered initial state (kT/J=1.7)
 From disordered initial state (kT/J=2.0)











 Fig. 7-3. Long-range order as a function of time from a fully ordered initial state, and a 
disordered initial state, respectively, at two different temperatures, assuming 
mechanical activation intensity γ=100, Es/J=20, and N=30. The LRO values were 
obtained by averaging the results of 100 simulation cycles.  199
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7.4.3 Phase Diagram of Mechanical Activation  
Fig.7-4 shows the order-disorder diagram of mechanical activation temperature and 
mechanical activation intensity established from the simulation procedure detailed in 
ref. [21]. With decreasing temperature, the phase change follows the sequences: 
disorder to order, to partial order, and then to full disorder, corresponding to the areas 
marked 1 to 4 areas in the diagram, respectively. The transformation from area 1 to 
area 2, is caused by thermal diffusion, while the transformation from area 2 to area 3 is 
a result of the competition between thermal diffusion and mechanical activation, and 
that between area 3 to area 4 is due to mechanical activation. With increasing 
mechanical activation intensity, the transformation temperature between area 2 and 
area 3, and that between area 3 and area 4, increase in a logarithm manner.  
 
 
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    
                                                    









































 Fig. 7-4. Phase diagram of the Monte Carlo simulation shows the different order 
states as a function of mechanical activation intensity (γ) and temperature. Es/J=20.   
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7.4.4  Evolution of Ordered domains 
To further examine the evolution of ordered domains by mechanical activation, a non-
equilibrium Monte-Carlo simulation was carried out with a size of 643 lattices. 
Although it may not accurately mimic the real physical evolution, as the growth rate of 
domains depends on the algorithm used, one can still use Kawasaki algorithm or 
vacancy diffusion algorithms to simulate the domain growth in certain cases, e.g., in 
the conserved order parameter (COP) Ising model system, where simulation results 
can fit into the domain growth law very well [24,25]. In this project, a simple Ising-
type model and a vacancy diffusion algorithm were employed to simulate the B-site 
order by thermal diffusion, making it possible to trace the evolution process [22,23]. 
However, with the involvement of mechanical activation, it cannot give a quantitative 
account of the real process, because the shear intensity and the way that shears take 
place cannot be accurately described. But the results presented in this study can still 
give a qualitative indication on the domain evolution. As such, the snapshot images of 
ordered domains in the (100) plane of 643 lattice are shown in Fig. 7-5 (a-f), which 
illustrates the evolution of ordered domains. For simplification, we start the simulation 
from a single ordered domain. A single ordered domain exists at the initial unactivated 
state, and it begins to split into several small ones by mechanical activation at 20 mcs. 
The resulting domain boundaries are rather straight, as a result of the shear induced 
glides being considered. At 100 mcs, curved domain boundaries begin to appear 
attributing to the effect of thermal diffusion, and they become apparent with increasing 
mechanical activation time (500 mcs or 10000 mcs). At 500 mcs, relatively stable 
domain morphology is established, although no apparent further change can be 
observed with elongated mechanical activation. A significant refinement in domain 
size thus takes place at the initial stage of mechanical activation, and the process slows 
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down at 500 mcs. The building up of domain sizes by thermal activation is supported 
by formation of the curved domain boundaries, together with the observation that a 
few minor domains are trapped within big domains. It is also observed that a higher 
activation intensity leads to a smaller equilibrium domain size, while a higher 
temperature increases the domain size. The competition of mechanical activation and 
thermal activation then leads to a steady state in domain size with extended 
mechanical activation. 
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(a) 0 mcs (b) 20 mcs
(d) 100 mcs(c) 50 mcs 
(e) 500 mcs (f) 10000 mcsFig.7-5. Snapshot images in the (100) plane of 643 lattice at kT/J=1.8, Es/J=20, and 
γ=4000, upon increasing mechanical activation duration, showing the evolution of 
domain boundaries and domain sizes. In a given lattice site (i, j, k), if i+j+k is an even 
number and ∆q is positive, or if i+j+k is an odd number and ∆q is negative, open circle 
is plotted; else it remains empty space.   203
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7.5  Remarks 
Order-disorder transformation in A(B'1/2B"1/2)O3-type complex perovskites, e.g., in 
PST and PMN-PMW, triggered by mechanical activation has been simulated using an 
atomistic model and Monte-Carlo algorithm. With decreasing temperature, the 
unactivated complex perovskites exhibit a long-range disorder to order transition at 
temperature kT/J of ~4.4. Mechanical activation induces another order to disorder 
phase transformation at temperatures below the transition point, although the order 
behavior at high temperatures remains almost unchanged. This indicates that at high 
temperatures the process is controlled by thermal diffusion, while the effect of 
mechanical activation becomes more and more significant with decreasing 
temperature. As a result, with decreasing temperature, the sequence of order evolution 
in complex perovskite follows: disorder to order, then partial disorder, and finally 
disorder again.  
 
Further examination on the time evolution of long-range order from an initial ordered 
state shows a steady decrease to start with, and then becomes more or less stabilized 
after 15000 Monte-Carlo steps, which is supported by the experimental observation. 
Evolution of order against Monte-Carlo steps was demonstrated by the snapshot 
images of microscopic ordered domains, which suggest that mechanical activation 
refines the domain size, while thermal diffusion builds up domains. The competition 
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8.1  Overall Conclusions 
In this project, the sequential combination effects of starting materials for formation of 
Pb(Fe1/2Nb1/2)O3 (PFN) triggered by mechanical activation were investigated. 
Perovskite PFN of well established nanocrystallinity of 5~15 nm in sizes was 
successfully synthesized by mechanical activation, from both mixed oxides of PbO, 
Fe2O3, Nb2O5 and the Columbite precursor of FeNbO4 and PbO. The nanocrystalline 
PFN phase derived from the mixed oxides was unstable against thermal calcination at 
temperatures between 500 and 900 oC, and it partially decomposed into pyrochlore 
phases. In contrast, the nanocrystalline PFN phase derived from the Columbite 
precursor was stable against thermal treatment, remaining as a single perovskite phase 
over the temperature range investigated. The differences between PFN derived from 
the two types of starting materials were accounted for by compositional 
inhomogeneity between them, as confirmed by using Raman spectroscopy. 
 
As a result of the compositional homogeneity, PFN derived from Columbite precursor 
exhibited much enhanced sintered density and improved dielectric properties over 
those of PFN derived from mixed oxides. PFN derived from mechanical activation 
demonstrated considerably high dissipation factors, due to the high conductivity in 
association with iron contamination from the reaction chamber and attrition media. To 
improve the dielectric properties of PFN derived from mechanical activation, a small 
amount of MnO2 (0.3 wt%) was added, which significantly reduced the dissipation 
factor without considerably affecting the relative permittivity. A maximum relative 
permittivity of 25702 and an overall dissipation factor of less than 3% over the 
temperature range of 20 oC ~125 oC were measured for the PFN derived from 
Columbite precursor, when sintered the Mn-doped PFN at 1100 oC. MnO2 as a dopant 
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of PFN greatly reduced the conductivity and improved the dielectric properties of PFN 
derived from mechanical activation. 
 
While the compositional inhomogeneity impaired the dielectric properties of PFN, a 
temperature stability in dielectric behaviours was shown for (1-x)Pb(Ni1/2W1/2)O3-
xPbTiO3 ((1-x)PNW-xPT) derived from mechanical activation. As expected, there 
occurred a change in structure from pseudocubic to tetragonal, with increasing PT 
content in PNW. PNW with low PT exhibited a relaxor behaviour, while PT-rich PNW 
compositions demonstrated a normal ferroelectric behaviour.  
 
Temperature stability in dielectric behaviour was observed in (1-x)PNW-xPT 
containing >40% PT when sintered at temperatures above 850 oC. The dielectric 
behaviours of 0.55PNW-0.45PT are close to the EIA X7R specifications. The 
temperature stability in dielectric behaviour over the temperature range from -120 to 
20 oC arose from the compositional inhomogeneity, whereby there was a variation in 
PT distribution in PNW, leading to the coexistence of PT-rich tetragonal and PT-
deficient pseudocubic phases, as confirmed by Raman spectroscopic studies. Sintering 
temperature and post-annealing procedures strongly affected the distribution of the 
two phases, leading to a significant change in dielectric properties of (1-x)PNW-xPT 
solid solutions. 
 
Mechanical activation was successfully employed in modifying the B-site orders in 
complex perovskites.  Order-disorder transformation in B-site cations of complex 
perovskite structure was observed in Pb(Mg1/3Nb2/3)O3-Pb(Mg1/2W1/2)O3) (PMN-
PMW) triggered by mechanical activation, as confirmed by both XRD diffraction and 
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Raman spectroscopic studies. B-site order in 0.4PMN-0.6PMW almost completely 
disappeared upon 10 hours of mechanical activation. 
  
Thermal activation recovered the structure disorder created by mechanical activation. 
A steady recovery in B-site order occurred above at 600 oC in 0.6PMN-0.4PMW. The 
order-disorder transformation triggered by mechanical activation in PMN-PMW was 
composition dependent, where the degree of B-site order increased with rising PMW 
content. There occurred a competition between mechanical activation destroying the 
crystallinity and B-site order, and thermal activation building up the structural order in 
the complex perovskites. 
  
Order-disorder transformation triggered by mechanical activation occurred in 
Pb(Sc1/2Ta1/2)O3(PST), where the B-site order was traditionally adjusted by quenching 
from high sintering temperature and subsequent annealing at low temperatures. Unlike 
PMN-PW, the structural disorder in PST was relatively stable against thermal 
activation at high sintering temperatures, as shown by XRD diffraction and Raman 
spectroscopic studies. As a result, mechanical activation can be used to tailor the B-
site cation order in PST, by an appropriate combination of pre-sinter mechanical 
activation and subsequent sintering at high temperatures, e.g., at 1200 oC. Unactivated 
PST showed a normal ferroelectric phase transition at 20 oC, while the PST with a 
disordered structure created by mechanical activation showed an R-nFE phase 
transition. The maximum relative permittivity increased steadily with increasing 
mechanical activation time. The R-nFE transition disappeared in nanosized PST, 
which was obtained by sintering at low temperature (e.g., below 1100 oC) of the 
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nanocrystalline PST particles derived from mechanical activation, confirming the size 
effect of ferroelectric relaxation in PST.  
 
To further investigate the order-disorder behaviours triggered by mechanical activation 
in complex perovskites, e.g., PMN-PMW and PST, a preliminary atomistic model and 
Monte-Carlo algorithm were established. Unactivated complex perovskites exhibited a 
long-range disorder to order transition at temperature (kT/J) of ~4.4. Mechanical 
activation induced an additional order to disorder transformation at temperatures 
below transition temperature, while the structural order was not significantly affected 
at high temperatures. Therefore, the order-disorder transformation at high temperatures 
was controlled by thermal diffusion, while the effect of mechanical activation became 
important dominating at low temperatures. Phase transition diagrams in these complex 
perovskites followed the sequences of disorder to order, partial disorder, and finally 
disorder again. The time evolution of ordered domains revealed that mechanical 
activation refines the domain size, while thermal diffusion builds up domains. The 
competition between these two processes resulted in a steady B-site order state at a 
given temperature and activation intensity.  
 
8. 2 Suggestions for Future Work 
In this project, several interesting phenomena, including compositional homogeneity, 
temperature stable dielectric behaviours, and order-disorder transformation were 
shown in association with mechanical activation of complex perovskites. There occurs 
a competition between mechanical activation and thermal activation in creating and 
retaining the structure disorder in complex perovskites. Further investigation into some 
of these fundamental phenomena is of great interest, e.g., to quantify the kinetics 
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involved in mechanical activation. Additionally, it will be of interest to investigate 
physical properties of these perovskites, as derived from mechanical activation.      
 
There appears an amorphization of oxide matrix and crystallization of complex 
perovskites during mechanical activation. It is therefore of interest to establish a 
quantitative relationship among the parameters involved. For this, specifically 
designed experimental set-ups, which allow precise controls in temperature, 
atmosphere, and intensity of mechanical activation, are necessary. HRTEM 
incorporated with EELS could be adopted to characterize the nanocrystallites and 
amorphous phases thus produced. To establish a theoretical framework for these 
phenomena, more powerful numerical tools, such as first principle calculation and 
Molecular Dynamic simulation, could be used to elucidate the processes involved in 
mechanical activation at different temperatures.   
   
Following the studies on the order-disorder transformation in PST and PMN-PMW, 
investigation can be extended to other complex perovskites, such as Pb(Sc1/2Nb1/2)O3, 
Pb(In1/2Nb1/2)O3, and (Pb,La)(Zr,Ti)O3. Their ferroelectric and piezoelectric properties 
can be studied accordingly. 
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